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 Laser processes such as laser-powder bed fusion, surface laser polishing, and laser 
engraving are under intense investigation due to their great potential in design and 
manufacturing of complex structural materials. The localized thermal environment including 
large thermal gradients and fast cooling rates inherent in laser processing result in unique 
microstructures and mechanical properties which are not currently predictable. Residual stress 
is a prominent defect in laser processed metals and has resulted in decreased mechanical life 
for AM parts, while phase transformations which accompany laser processes have been 
reported to decrease certain mechanical properties even while improving properties such as 
corrosion resistance in steels. The absence of measurement techniques for microscale residual 
stress has inhibited the full characterization of the microstructure of laser processed alloys, 
although its magnitude and distribution are known to affect component failure. The 
microstructure of laser processed alloys typically contains non-equilibrium dislocation cells due 
to cellular solidification at steep thermal gradients and fast solidification rates. These cells have 
been reported to improve mechanical properties, however their non-equilibrium nature means 
that they can be processed away in certain conditions. The evolution of these cells is not fully 
understood, although recent results suggest that residual strain is crucial to their formation 
during laser additive manufacturing. The characterization of microscale elastic strain and 
dislocation density combined with statistical analysis and thermal simulation enables the 




 In this thesis, electron microscopy combined with thermal simulations is used to 
describe the evolution of elastic strain and non-equilibrium dislocation cells in laser processed 
metals. A method of microscale elastic strain calculation is optimized for laser processed alloys 
and is used to connect the thermal gradients in additive manufacturing to the evolution of 
dislocation cell structures during processing. The relationship between cell structure evolution 
and elastic strain distribution during laser processing impacts the final material and mechanical 
properties of a component, and the description of that relationship move toward improved 
predictive capabilities of laser processing.  
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Chapter 1. Introduction 
 
Overview 
The thermal environment of metal fabrication is known to affect the final microstructure, and 
therefore the final material properties, of a component. Varying the cooling rates and thermal gradients 
can influence features including grain size, homogeneity, dislocation content and thereby impact the 
fracture or tensile properties of the final component. Laser welding, for example, is a process which 
imparts high temperatures, often above the melting temperature, to the metals it is joining and is 
accompanied by high cooling rates on the order of 105-107K/s. Laser methods including welding, 
alloying, cladding and additive manufacturing therefore result in often heterogeneous and 
unpredictable microstructures leading to varying performance of structural components. Despite the 
difficulties present in laser processes, they have great potential for fabricating complex geometries and 
precision modification of local properties. Laser additive manufacturing methods including laser-powder 
bed fabrication (L-PBF) in particular have therefore come under increased scrutiny over the last few 
decades, with the hope that bulk components may someday be manufactured faster and with less waste 
than by conventional practices.  
 L-PBF still has several hurdles to overcome before it is a commercially viable processing 
technique, and other laser and additive processes are still not well understood. Residual stress and 
strain is a significant source of failure in AM parts; however, the characterization and manipulation of 
this feature is difficult, particularly on the meso- and microscales. This thesis aims to use a novel strain 
characterization technique and statistical analysis of unique microstructures present in laser processed 
nickel and steel alloys to demonstrate mechanisms of microstructural evolution and improve predictive 




 The remainder of this introduction will discuss the thermal environments present in laser 
processing techniques as well as other additive manufacturing (AM) processes, including their unique 
microstructures and present understanding of residual stress and strain and its characterization. This 
introduction will also introduce the simulation methods and predictive technologies in use and under 
development for laser additive techniques.   
Additive Manufacturing and Laser Processes 
 
Additive manufacturing (AM, also termed 3D printing) was first introduced in 1987 by 
3D Systems, which used a stereolithography (SL) system to create 3D objects by melting layers 
of polymers together[1]. Decades of development later, AM has evolved to be nearly 
ubiquitous in research and development of industries as varied as sports and transportation, 
growing into a $11.8 billion market in 2019 and projected to reach $35.6 billion in 2024 [2]. In 
addition to SL systems, there is a myriad of AM techniques utilizing a variety of source materials 
and binding methods including visible and UV light and fusion of filaments for polymeric 
production; the focus in this thesis is on laser processes and AM of metals [1,3].  The 
attractiveness of AM to industries such as aerospace and medicine is due to its potential for fast 
production, speedy design and testing processes, and the possibility of producing complex parts 
as single entities, instead of piece by piece through conventional manufacturing methods [4–6]. 
Additionally, there is necessity in some industries for localized functionality which AM has the 
ability to impart. Because the laser or electron beam is a highly localized heat source, only the 
material directly in its path may be affected by the thermal cycling and rapid cooling rates, and 
the layer by layer process of AM results in unique thermal gradients and repetitive thermal 




heterogeneous microstructures which give rise to heterogeneous mechanical properties [7,8]. 
However, there are still barriers to widespread commercialization of AM methods including the 
lack of reliability and the difficulty in qualification of final components, which has led to the 
belief that the control of microstructures is key to achieving the desired properties in AM 
components [9,10].  
 
 
Figure 1-1. Schematic of laser additive manufacturing process [By Materialgeeza - Own work, CC BY-SA 
3.0, https://commons.wikimedia.org/w/index.php?curid=4032088] 
 
AM methods utilize a CAD model to print a 3D part layer by layer from raw materials in 
the form of powder or wire (Figure 1-1), thereby enabling fabrication of complex geometries 
using a single manufacturing process with minimal waste. Table 1-1 lists some of the most 
investigated AM methods, including wire and powder feedstock with laser, electron beam, or 
binder jet as the binding method. Each AM technique has unique processing parameters which 




been fully optimized for reliable material properties of complex metal parts. Advanced 
characterization of AM components, including in-situ monitoring of the AM process, is 
therefore an intense area of investigation for establishment of AM techniques [5,9,11–14].  
Laser and electron based additive techniques like laser-powder bed fusion (L-PBF), electron 
beam melting (EBM) and direct energy deposition (DED) result in microstructures and material 
properties that differ from those of cast or wrought alloys; parameters including build direction, 
laser power, laser or electron beam shape, scan speed and others can have a significant effect 




Table 1-1. Powder and wire AM techniques using binder jet, laser, and e-beam binding methods 
 
The increasing use of AM has resulted in a myriad of techniques, each differing from the 
next by source material or binding agent. AM techniques used for printing metal components 
can vary widely in their thermal environment and processing parameters, and two components 
built using the same AM machine can result in structural and geometrical differences by varying 










Powder Laser speed, beam 
shape, laser power, 
hatch spacing, layer 
thickness, laser path 
Columnar grains 
























Powder e-beam voltage, 
current, layer 
thickness, scan speed 
Columnar grains 
elongated in the 
build direction, 
porosity, low angle 








Wire e-beam voltage, wire 
diameter, deposition 
rate, current 
Wavy GBs, high 
dislocation density, 
surface roughness, 






Wire/Powder Laser vs. e-beam, 













the process parameters. Laser additive methods, for example, usually result in columnar grains 
in the direction of the build due to the high thermal gradient in this direction, while binder jet 
printing results in largely equiaxed structures in which porosity or precipitates are perhaps the 
most problematic feature [refs]. This thesis is focused mainly on laser powder bed fusion (L-
PBF), however, in chapter 3, a comparison between L-PBF, binder jet 3D printer (BJ3DP) and 
electron beam freeform fabrication (EBF3) is presented in order to gain an understanding of the 
variations in thermal gradients between methods and their impacts on microstructural features 
and their organization.   
Binder Jet 3D Printing (BJ3DP) 
BJ3DP is perhaps the least intense AM process in terms of thermal environment. In this 
AM technique, metal powder feedstock is printed layer-by-layer and a liquid binder (here 
polyethylene glycol) is applied in the desired 2D pattern on every layer. The resulting ‘green 
part’ is very fragile as the powder is held together only by liquid binder and therefore must be 
sintered in a low temperature oven to strengthen the part [24]. After the low temperature 
anneal, the ‘brown part’ is sintered in a high temperature furnace to burn off the binder and 
increase the density of the component. The primary densification mechanism in BJ3DP is 
solidus-liquidus phase sintering (SLPS) in which a liquid forms inside the alloyed particle and 
spreads to particle contacts, causing a viscous flow which leads to grain growth during sintering 
and a grain structure similar to casting [24,37–39]. BJ3DP is an area of great interest for 
structural alloys due to the absence of a high energy laser or electron beam [11,23], and thus, 
lacks steep thermal gradients. The BJ3DP process has the most even thermal gradients and the 




in equiaxed microstructures with little intragranular misorientation in Ni superalloys [26,40]. 
However, this AM method is highly dependent on the powder size and binder saturation and is 
often complicated by porosity in final components which can have a detrimental effect on the 
mechanical properties of the final part and often requires post-processing steps such as hot 
isostatic pressing (HIP) [25]. 
Electron Beam Freeform Fabrication (EBF3) 
Electron beam freeform fabrication (EBF3) is an additive technique developed by NASA 
Langley Research Center (LRC) in an effort to design a fabrication process free from powder for 
use in low gravity environments [41,42]. By using a feed material of metal wire and an electron 
beam, 3D components can be built quickly in a vacuum and with little waste material when 
compared to conventional manufacturing processes [30,31]. However, wire also leads to less 
accurate geometries and therefore EBF3 has been found to be most suitable for large, simple 
geometries [43]. During EBF3, a high-power stationary electron beam welds metal wire 
together on a preheated build plate that is mobile in three dimensions. Variations in 
microstructure have been accomplished by changing the parameters of the EBF3 process, for 
instance a slow build plate translation results in large grained dendritic microstructures, 
expected for processes with slow cooling rates [32]. Process maps have been used previously 
for single bead Ti-6Al-4V fabricated by EBF3, where beam power and plate velocity are used to 
control melt pool dimensions toward a predicted grain morphology [33].   
Laser-Powder Bed Fabrication (L-PBF) 
L-PBF is a more commonly used AM process than EBF3 in which a high-powered mobile 




PBF results in higher thermal gradients and faster cooling rates than are typical in EBF3 or 
BJ3DP, usually resulting in smaller grains and potentially undesirable mechanical properties 
including residual strains [21]. The cooling rate during L-PBF often surpasses the threshold for 
rapid solidification (RS, defined as at least 103 K/s), giving rise to non-equilibrium solidification 
processes and structures [refs]. RS can lead to martensitic transformations and increased 
residual stress ‘frozen’ into the microstructure of a component. The cyclic remelting and the 
layer by layer nature of many additive processes result in the well-known anisotropic 
microstructure and properties of AM components. Several studies of the anisotropy inherent in 
AM structures have found variations in microstructure and properties [44–47]. 
 A layer is deposited once but may be remelted up to ten times and exposed to the heat 
affected zone (HAZ) more times than that, giving rise to microstructural evolution at a fixed 
position as the build continues. With a heat source such as a laser or electron beam, the 
temperatures can be very high, surpassing the melting temperature of the alloy and giving rise 
to a liquid melt pool (Figure 1-2).  L-PBF is a complex process with a number of processing 
parameters which could alter the thermal gradients, cooling rates and effecting the character of 
the melt pool; however, this method is more attractive to some than EBF3 in part because L-
PBF is more precise and results in parts with better manufacturing tolerances [22,48].While L-
PBF has high potential for improving manufacturing cost and efficiency, the design of reliable L-
PBF parts is still quite lengthy and expensive. This is because until recently the design and 
research of components fabricated by L-PBF consisted mainly of iterative design (Figure X. a 




L-PBF has been thoroughly investigated in a variety of alloy systems including stainless 
steels [34,49–51], Ti-6-4 [52–55], Ni alloys [17,56–59], and high and medium entropy alloys 
[60,61].The microstructure resulting from L-PBF is highly dependent on melt pool shape and 
energy density; Agrawal et al. found that at increased energy densities the grain size and aspect 
ratio increased, and texture was more random in 316L stainless steel [20] while Shi et al. used 
microstructural simulations to find that the shape of the laser beam has a strong effect on the 
shape of the melt pool and resulting grain growth and texture [19]. The residual strains 
imposed by the L-PBF process can be large enough to induce warping in the component after it 
is released from the build plate and can cause failed tolerances and mechanical failures in the 
absence of loading [22].  
 





Dislocation and non-equilibrium structures have been seen in L-PBF fabricated 
components of steel and Nickel alloys and have been theorized to improve mechanical 
properties as well as relieve residual stress introduced during cooling [refs]. However, despite 
the level of interest in additive manufacturing and precision microstructural modification, the 
mechanisms of solidification and dislocation organization at extreme temperatures and 
solidification rates are little understood. The cooling rates during L-PBF fabrication have been 
found to range from 104-106 K/s or higher, well above the necessary cooling rate for rapid 
solidification, and a microstructure typical of RS has been observed previously in L-PBF 
fabricated IN625 [63–66]. The thermal environment of L-PBF also includes steep thermal 
gradients and repetitive heating by the tracking laser, each of which contributes to complex, 
non-equilibrium microstructures and diverse material properties [63,64,67,68]. The 
microstructure induced by L-PBF in several alloys has been observed to include metastable 
cellular structures within grains (Error! Reference source not found.-3) [69–71]. These cellular b
oundaries have a high density of dislocations and solute elements ejected during solidification 
and the structures have been shown to decompose with annealing. There are many competing 
theories for the mechanism of evolution of these metastable subgrain structures; it is likely that 
the driving forces for their formation are dependent on alloy chemistry, with theories including 
both chemical supersaturation at solidification fronts and thermally induced residual elastic 
stresses [70–72]. Additionally, the effects of re-melting and the heat affected zone (HAZ) of 
subsequent laser tracking increases the complexity of the solidification environment and the 





Figure 1-3. Intragranular cell structures bound by high dislocation density in IN718 (a) and 
stainless steel 316L (b). Adapted from [69] (a) and [73] (b). 
Surface Laser Processes 
Laser processing of metals is an active area of research due to the desire for precision 
modification of microstructures and the resulting local functionality of a component [19,74,75]. 
Different surface laser processes may be utilized for desired results; for example, vaporization 
of component surfaces with a laser enables welding and cutting, while surface melting may 
result in transformation hardening. Additionally, laser surface modification (LSM) has been 
widely used in tool steels in an effort to increase their performance by altering the surface 
structure through laser treatment [76,77]. Laser processes such as laser polishing have emerged 
as structure and property tailoring methods; laser surface treatment was found to significantly 
improve corrosion resistance in Ti-6Al-4V as well as producing a smooth, crack free surface, 
while laser surface quenching was used to eliminate selective phase corrosion in Nickel-
Aluminum Bronze by transforming the surface layer to a single phase, fine grained structure 
[78,79]. Laser peening has been reported to result in deeper compressive stresses than shot 




Surface laser processing is also useful for the post-treatment of many AM parts for 
either enhanced mechanical properties or due to surface roughness, a common result of AM 
processes which can include unmelted particles or the staircase effect due to layer-by-layer 
fabrication [81]. It has been reported that, in addition to resulting in a substantially reduced 
surface roughness, laser polishing increased tensile strength and dislocation density, including 
cellular substructures, on the surface of stainless steel 316L fabricated by laser AM [82].  
The rapid solidification inherent in laser AM and laser surface processes gives rise to 
changes in orientation as high as 15° in a single grain. These intragranular misorientations are 
accommodated by a high density of geometrically necessary dislocations (GNDs) or by 
increased elastic strain within the lattice structure. The measurement of stress and strain on 
the microscale in these materials is of interest because of the known effects of residual stresses 
on mechanical properties of AM components [83–85]; theories surrounding the mechanisms of 
dislocation cell formation during AM and the knowledge that microstructural strain gradients 
inform microstructural evolution have increased the need for characterization of elastic strain 
on the microscale.  
Residual Stress in Laser Processed Alloys  
Residual stresses in AM are a well-known problem that affect final tolerances and 
mechanical performance of components [7,86–88]. The development of residual stresses 
during laser AM can result in bulk distortion of the final component as well as decreased 
mechanical properties, particularly if large tensile stresses exist within the material. However, 
the prediction of these stresses is so far not practical and their characterization is difficult, 




Residual stresses are inhomogeneous, self-equilibrating stresses that are present in a 
material in the absence of any external force. As the body remains at rest these stresses sum to 
zero over sufficient length scales. The classification of residual stresses is based on the length 
scale over which they equilibrate [89–92]: 
• Type I stresses, or macrostresses, are bulk scale stresses which can be nearly 
homogeneous over large length scales in the hundreds of μm – mm range, and 
have an equilibrating length of several grains.   
• Type II stresses, called homogeneous microstresses, are equilibrated over a few 
grains, e.g. in the tens – hundreds of μm range.  
• Type III stresses, or inhomogeneous microstresses, equilibrate over subgrain 
length scales (nm-several μm) but are inhomogeneous over submicroscopic 
areas. 
Figure 1-4 gives a demonstration of the different strains in a material around grain 
boundaries. Type I stresses exhibit a profile which is an average of Type II and III stresses, while 
the Type II stress profile is an average of the Type III stresses. In Figure 1-4, it is made clear that 
a characterization of type I stress leaves out the nuances of types II and III, and therefore is not 
a complete characterization of the residual stress of a component. Although bulk scale stresses 
are often the feature of interest to engineers, failure of technical components starts on the 
microscale, meaning that microstresses are at least as important as macrostresses. Despite 
their importance, type III stresses are not the subject of many investigations, primarily because 





Figure 1-4. Types of residual stress classified by length over which they equilibrate. [67] 
 
 The reduction of residual stress during build has been an active area of investigation and 
there have been several attempts to reduced residual stress and distortion in AM. The laser 
scan strategy is known to impact the level of residual stress in a component, and so different 
scanning strategies have been attempted to manage the level of stress in a finished component 
[67]. Parry et al. used single layer simulations to determine the effect of unidirectional vs. 





Figure 1-5. Simulated von Mises stress in Ti-6Al-4V using a) unidirection and b) alternating laser 
scan strategies [93] 
 Their findings demonstrated no significant difference in the magnitude of type II stresses 
between the two laser scan strategies, but a remarkable difference in the distribution of von 
Mises stresses. Rather, scan vector length was seen to have a greater impact on the level of 
residual stress, resulting in higher levels of stress in larger components [93]. Other experiments 
have found that island scanning strategies more effectively reduce the levels of residual stress 
in AM components [67,94]. The inclusion of support structures during fabrication has also been 
found to have an impact on residual stresses in laser AM built components, with contradictory 
results depending on the material and geometry. van Zyl et al. found that using a support 
structure decreased the residual stress measured by XRD in a Ti-6Al-4V sample, while Salmi et 
al. reported that including support structures during SLM of AlSi10Mg resulted in increased 
levels of stress before and after heat treatment, due to the added constraints of the supports 
[95,96]. The experimental efforts to reduce residual stress have resulted in the broad 




the greatest impact on residual stresses (Figure 1-6). The first mechanism of residual stress 
introduction by the laser is called thermal gradient mechanism (TGM). TGM results from the 
constraints of the lower, unmelted layers on the top layer being melted by the laser. The 
expansion of the top layer is prevented by the bottom layer, resulting in compressive stresses 
and a bending away from the laser beam. During cooling, the bottom layer once again inhibits 
the top layer, resulting in tensile stresses in the melt pool and compressive stresses in the 
bottom layer [67].  
 
Figure 1-6. Thermal gradient mechanism (TGM) of residual stress introduction in laser 
processed metals [67] 
 
The effects of trapped strains in AM material are widely considered detrimental, 
although compressive strains can be beneficial to the material properties of a component [90]. 
Residual strains during laser processing can result in large defects such as cracks as well as 
microcracking (Figure 1-7). Vrancken, et al. found that the high ductile to brittle transition 
temperature (DBTT) in W combined with the microscale residual stresses induced during SLM 
result in severe microcracking during processing [97]. In less brittle materials, the microscale 




however the level and distribution of type III strains is an important consideration in the final 
material properties of laser processed metals [98].  
 
Figure 1-7. a) Crack induced during SLM of Ti-6Al-4V [93] and b) microcracking during SLM of W 
[97] both caused by residual stress 
  
Much of the investigation into residual stress has been done using simulations of laser 
processes, due to the difficulty of measurement of type III strains and the specialized 
equipment necessary to measure type II strains. However, type III strains are components of 
type II and type I strains which result in deformation and loss of mechanical life, and their 
calculation is necessary if the reduction or manipulation of residual stress as a whole is to be 
optimized during laser processes. Due to the dependence of residual stress and strain on the 
thermal environment during laser processing, these properties are as anisotropic as other 
microstructural features, and the magnitude and distribution of strain varies throughout a 
build. The full characterization of laser processed metals should include type III stresses and 
strains if AM component properties are to be reliably engineered. Chapter 3 of this thesis 
details and optimized a technique to calculate type III residual strains in laser processed metals 




Dislocation Cells in Laser Processed Alloys 
 The presence of dislocation cells in laser processed alloys is due to cellular solidification 
during rapid solidification of the alloy, depending on the thermal gradient, G, and the cooling 
rate, R [99]. The rate of solidification can be calculated based on cell spacing, and these cells 
usually grow in the direction of fastest solidification (for fcc materials such as Ni alloys and 
stainless steels, this is in the <100> directions) [100].  
Murr et al. [101] demonstrated the different microstructures inherent in EBM vs. SLM 
alloys including steels and Inconel. IN625 fabricated by SLM exhibited dislocation cell structures 
similar to those found in 316L and accompanied by γ” nano-precipitates (Figure 1-8). 
 
Figure 1-8 Microstructure of SLM fabricated IN625 showing dislocation cells aligned 
perpendicular to (110) orientation. [101] 
 
Bertsch et al. [34] shows SLM 316L dislocation cells and uses 1D, 2D and 3D builds to 




organized and increased in size with additional constraints (i.e. in the 3D build), suggesting that 
the trapped strain induced cell growth. Misorientations were not present at all dislocation cell 
walls, therefore it is not considered necessary for misorientations to accommodate a high 
density of dislocations (Figure 1-9). 
Dislocation cells have been reported to impact bulk level mechanical properties of AM 
metals. Li et al. [102] investigated the role of dislocation cell sizes on the mechanical properties 
of L-PBF 316L. Micropillars were subjected to compression testing and it was found that the 
yield strengths of micro-pillars were independent on cell size. Instead, it is suggested that the 





Figure 1-9. Increased dislocation density and cell size with increased dimensionality of SLM SS 
316L build. Adapted from [34]. 
Krakhmalev et al. [103] performed hardness testing on as-build and heat treated SLM 316L and  
cell structures began to disappear around 900C. The hardness gradually decreased with 
increased recovery, suggesting that the presence of dislocation structures increases the 
hardness in this alloy.  Cellular solidification is accompanied by microsegregation of alloying 
elements at cell boundaries [104]. The dislocation cells reported in AM fabricated metals are 
consistent with this, with increased Nb and Mo present at cell boundaries in Ni alloys, and 
increased Cr and Mo at cell walls in stainless steel 316L [49,58]. However, computational 




meaning that segregation may not be necessary for the formation of cell structures [99]. The 
cell structures observed in Ni alloys and steels formed by cellular solidification have been 
generally reported as growing along the [001] orientation (as shown in Figure 1-9). Voisin, et al 
demonstrated that when looking down the [001] direction, these dendrites/cells appear 
equiaxed with an average diameter of 650nm, but when intercepted with a {111} plane their 
diameter increases to 1133nm, a more than 50% increase. Our findings in Chapter 5 add to the 
results showing that these cells grow along the [001] orientation in IN625, and that there is Nb 
microsegregation in the cell boundaries.  
 The effect of AM microstructures on mechanical properties is an active area of research, 
however the characterization of microscale elastic strain has so far not been perfected. 
Optimizing the characterization and analysis of microstrain and its relationship to dislocation 
density and other microstructural features is integral to defining processing maps which can be 
used for fabrication of desired structures using AM techniques. So far, elastic strain in AM has 
been characterized on the bulk and grain scales (types I and II, respectively) while subgrain 
strain is less understood. However, it is known that premature microstructural yielding can be 
caused by type III strains, therefore it is necessary to quantify this feature and its impact on 
structure and properties. Likewise, dislocation cells are an area of interest with known effects 
on bulk level mechanical properties. However, the non-equilibrium nature of these structures 
means that they can be processed away in certain conditions. The characterization of the 
spatiotemporal variations in cell morphology will improve understanding and the ability to 






 Calculation of residual stresses, whether by destructive or non-destructive methods, is 
achieved indirectly by the measurement of strain and the use of elastic constants in the stress-
strain relationship described by Hooke’s Law [92,105]. In the past few decades, diffraction 
based techniques have gained popularity in the calculation of residual stress due to their 
reliability and, in some cases, their non-destructive nature [106]. Destructive, non-diffraction 
based methods such as hole drilling rely on the relaxation of residual strain in a component 
during the removal of material and the measurement of the change in geometry [107]. Non-
destructive, diffraction based techniques include neutron and X-ray diffraction, both of which 
rely on Bragg’s law of diffraction to determine the lattice strain in crystals from a shift in the 
scattering angle [108], while elastic strain measurement of electron backscatter diffraction 
(EBSD) data is a destructive, diffractive technique with the spatial resolution required to 
measure type III strains [109–111]. The elastic strains present in crystalline materials are usually 
small, on the order of 10-3-10-4, so extremely good strain resolution is required to accurately 
measure them; additionally, the spatial resolution of the method determines what type of 
elastic strain (I, II, or III) is measurable. Each diffractive technique has different limits in spatial 
resolution and depth resolution, and therefore the use of one or the other depends on the 
desired spatial scale. Neutron diffraction is often used for engineering applications in which the 
bulk scale strains and stresses are under investigation for changes in mechanical properties of 
components because it has the lowest spatial resolution of the diffractive techniques and is 
used to measure Type I stresses [60,89,108,112,113]. XRD and EBSD cross-correlation, however, 




toward the measurement of intragranular features [114,115]. The recent development of cross-
correlation of electron backscatter diffraction (EBSD) data in crystalline material has resulted in 
the ability to calculate Type III elastic strains [109–111]. Transmission electron microscopy 
(TEM) can also characterize dislocation density and Type III strains, with improved spatial 
resolution when compared with SEM methods. Using precession electron diffraction (PED) in 
the TEM enables characterization of strain fields associated with single dislocations, however 
using this method we lose the statistical power that large sets of data from EBSD enable. PED is 
used in this thesis as a validation of the elastic strain results and to allow a more accurate 
dislocation density calculation.  
Electron Backscatter Diffraction  
 
In electron backscatter diffraction (EBSD), a highly polished sample is mounted in a 
scanning electron microscope (SEM) at approximately a 70° angle from horizontal. A highly 
sensitive phosphor screen inserted into the SEM near the sample is hit by the backscattered 
electrons, producing a pattern which depends upon the crystallography of the atomic planes in 
the sample (Figure 1-10). The resulting Kikuchi pattern contains orientation data which can be 
used to analyze the microstructure of the crystalline material, including GB character, phase, 
and level of plastic or elastic strain [116]. Spatial resolution of the EBSD technique depends on 
parameters including material, voltage, probe diameter and angle of incidence, however the 
limiting resolution of this technique with high probe current and small beam diameter can 
reach 10nm, and a resolution of 30nm can be achieved by reducing binning during data 




Plastic and elastic strains each affect the Kikuchi pattern in different ways; plastic 
strains, including dislocations, result in a change in orientation of the crystal lattice and 
therefore a change in the orientation of the Kikuchi pattern (Figure 1-11). Elastic strain may not 
alter the orientation of the crystal lattice, but they will change the length of the lattice 
parameter or the curvature of the crystal, thereby altering the thickness and/or the sharpness 
of the Kikuchi bands, or a shift in the bands relative to each other [109] (Figure 1-11b).  
 






Figure 1-11. Change in Kikuchi bands resulting from plastic (a) and elastic (b) strains. Adapted 
from [116] 
 The precise measurement of these changes in Kikuchi pattern gives rise to the 
orientation and enables calculation of curvature and dislocation density characterization using 
the lower bound Nye tensor. Measurement of dislocation density in the SEM cannot account 
for statistically stored dislocations (SSDs) due to its relatively poor spatial resolution compared 
to a technique such as precession electron diffraction (PED) in the transmission electron 
microscope (TEM). Therefore, when dislocation density is calculated from EBSD results in this 
thesis, it is a measurement of only the geometrically necessary dislocation (GND) density [119]. 
In this thesis, GND density will be calculated from EBSD data for comparison with other 
microstructural features including elastic strain and, in Chapter 2 phase distribution after 
surface laser engraving. As demonstrated in Figure 1-11, measurement of dislocation density 
using the Nye tensor does not consider lattice curvature brought about by residual elastic strain 
due to the differences in Kikuchi pattern deformation resulting from these two mechanisms.  
However, cross-correlation calculation of the full deviatoric strain tensor has been developed 




Kikuchi Pattern Cross-Correlation 
The first elastic strain measurement using EBSD was described by Troost et al. in 1993 
[109] on epitaxially grown Si1-xGex .  In this measurement, a cross-correlation function was 
applied to a region of interest (ROI) in each Kikuchi pattern where the maximum of the 
resulting cross-correlation function was assumed to correspond to the shift in one Kikuchi 
pattern compared to the other (Figure 1-12). This measured lateral shift was converted into an 
angular shift and compared to known crystallographic angles between planes to result in the 
elastic strain. The formula for calculating elastic strain using cross-correlation of Kikuchi 
patterns has been further improved to use fast Fourier transforms (FFTs) of the ROIs in Kikuchi 
patterns for the cross-correlation function between a reference and a test pattern, which is 
computationally faster than direct calculation of the cross-correlation function [120]. First, the 
2D FFT of each ROI is calculated, followed by cross-correlation of the two FFTs to result in a 
cross-correlation function where the location of the peak corresponds to the 2D shift in the test 





Figure 1-12. Two ROIs from a Kikuchi pattern, where the shifted ROI (bottom) is five pixels 
horizontally removed from the reference ROI (top), and the corresponding cross-correlation 
functions [118]. 
 This shift is taken to be the shift at the point at the center of the ROI and the x and y 
components can be related to components of the displacement gradient tensor a where u = (u1, 
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Eq (1) can be split into symmetric and asymmetric parts representing strains (eij) and 
























The 2D shifts in at least four ROIs are sufficient to calculate an exact solution for eight of 
the nine components in the deviatoric strain tensor, with the ninth component being 
measurable using matrix methods if more than four ROIs are used [110]. The ninth component 
is due to hydrostatic dilatation which alone does not produce a shift in features of the Kikuchi 
pattern and therefore cannot be directly measured using cross-correlation of FFTs. In addition 
to high spatial resolution, the angular resolution of the EBSD technique impacts the strain 
resolution of the cross-correlation analysis. Typical EBSD angular resolution (the lowest 
misorientation measured by general EBSD analysis) has been reported to be between .5-1°; 
however, by eschewing binning during data collection, this angular resolution can decrease to 
0-1°, which results in a reported strain resolution of 10-4 [110,121]. 
This method has been tested on single crystal samples and on samples to which known 
strain was applied [122–124] as well as being expanded to use simulated reference patterns in 
place of real reference patterns [121]. A benefit to using simulated reference patterns is that 
absolute strain can be calculated, while in using real reference patterns the calculated strain is 
always a relative strain between reference and test pattern. Wilkinson and Britton reported in 
2012 that increased misorientation between reference and test pattern resulted in error in the 
strain measurement; locations of ROIs are specified within the image frame, meaning that the 
ROI of a highly misoriented pattern may result in varied zone axis and band orientation to its 
reference pattern. The proposed solution to this was to perform an initial cross-correlation 
analysis between reference and test pattern to estimate the lattice rotation, using this result to 
remap the test pattern to make it more similar to the reference pattern, followed by another 




misorientation between two points [125]. Although the remapping technique was shown to be 
able to recover elastic strain values up to an 11° misorientation between reference and test 
patterns, intragranular misorientation between points in AM materials can often reach 15° or 
greater. The HR-EBSD cross-correlation technique to measure elastic strains has therefore been 
little used in AM materials. Our solution to this problem is presented in detail in Chapter 2, 
where a maximum misorientation between points, or a misorientation tolerance, can be 
specified prior to cross-correlation analysis [126]. 
Transmission Electron Diffraction 
 TEM is an electron microscopy technique which enables higher spatial resolution than 
the SEM, enabling the analysis of elemental segregation on a scale that is useful in laser AM 
materials. In TEM, the electron transparent sample is held perpendicular to the electron beam 
and the resulting forward and backscattered electrons can be recorded as an image. The TEM 
has many capabilities, in this thesis it will be used to obtain high resolution images of 
dislocation cells in L-PBF IN625 as well as the elemental segregation present at the cell walls 
(Chapter 5). Energy dispersive X-ray spectroscopy (EDS) in the TEM enables high resolution on 
the order of nanometers, while the same technique in the SEM enables resolution on the order 
of tens of nanometers. Previous attempts at SEM-EDS of laser processed samples has 
demonstrated homogeneous elemental distribution, but this is because of the lack of spatial 
resolution when compared to TEM. Here, TEM-EDS is able to resolve elemental segregation and 





Figure 1-13. Schematic of TEM 
 
Statistical Analysis  
 The ability to quantitatively analyze microstructural features is important for the 
improved simulation and prediction of AM properties. Using statistical methods to compare 
dislocation density and elastic strain between AM methods and within single builds will allow 
further understanding of the impact of thermal history on microstructural evolution. 
Additionally, the analysis of the spatial correlation between different microstructural features 
will enable quantifiable descriptors to be used in AM simulations and in predictions of 




(CNNs) and 2-point spatial correlations have been used to represent structure-property linkages 
in simulated microstructures. Xu et al. developed a novel PCA-based microstructural descriptor 
which directly enables primary reconstruction of microstructures without expensive 
computational cost [129], while Gupta et al. used data science methods to develop 
relationships between microstructural features and effective bulk material properties [130]. 
The spatial relationship between subgrain elastic strain and dislocation density in AM 
components is unknown, particularly the evolution of that relationship during processing. 
However, since recent reports suggest that subgrain elastic strain may be integral to the 
formation of dislocation cells, this relationship has become increasingly important to 
understand [34]. In this thesis an image analysis technique, MosaicIA [131], is used to 
determine the strength of spatial relationships between high levels of elastic strain and 
dislocation density. In the MosaicIA algorithm, two binary distributions are compared to each 
other, in this case high elastic strain and high dislocation density (figure 1-12). The strength of 
the spatial relationship between the two depends on the probability density function (PDF) 
which results from this analysis; when the probability of finding an increased elastic strain 
‘object’ close to an increased dislocation density ‘object’ is relatively high, the spatial 
relationship between the two is increased. It will be shown in this thesis that the relationship 
between these two features increased with increased thermal gradient and higher temperature 
(Chapters 4 and 5). To determine a random relationship between the two features, a reference 
distribution X (dislocation density, in this case) is chosen and overlaid with an evenly spaced 
grid x and the distance between each x and the nearest X are measured [132]. The spatial 




microstructural evolution throughout the AM process, and can also result in microstructural 
descriptors which can be tied to the bulk mechanical properties of a component or used to 
enable improved prediction of AM microstructures.  
Simulation Methods 
 This thesis includes different modeling methods for the acquisition of thermal data and 
the observation of microstructure in simulation vs. experiment. The use of experimental and 
computational approaches in tandem can result in process maps which can be used to design 
and predict microstructures at the grain scale; for example, Gockel et al. used finite element 
analysis (FEA) with EBF3 of Ti-6Al-4V to arrive at process variable combinations which yielded 
constant beta phase grain size and morphology, finding that a constant melt pool cross-
sectional area will yield a constant grain size [33]. However, sub-grain scale features, such as 
dislocation cells and elastic strain distributions, both of which are important to microstructural 
evolution and final mechanical properties, have not been investigated to this degree due to the 
difficulty in their characterization. Combinatorial approaches using microstructural 
characterization as well as microstructural simulation are important in the development of 
predictive methods in AM, including machine learning (ML). In ML, descriptive data of the 
microstructure can be used to ‘teach’ an algorithm the kinds of microstructural features to 
expect after specific fabrication or modification processes. Future ML frameworks may be able 
to predict the specific microstructure and the relationship between its features after a 
processing method or determine the processing parameters to use in order to obtain a desired 




Computational simulation of additive techniques is a highly active field – the need for 
reliable prediction of properties and microstructures resulting from AM and laser processes 
drives the development and innovation of models from the bulk scale to the atomic level [10]. 
The multiscale nature of the physical processes at play during laser processing increase the 
complexity of simulating these techniques, already inherently difficult due to the myriad of 
processing parameters and influence of difficult to characterize microstresses. For example, in 
the design and engineering realm, the global scale is often of the most interest, so a bulk model 
may be desirable in order to track large scale thermal gradients and final mechanical and 
material properties of a components. These global models are popular in research due to their 
ease of use, lack of computational expense, and generally good predictions of bulk distortions 
in a component [133,134]. However, these simulations do not improve the knowledge or 
optimization of microstructure evolution during laser processes, because they rely on macro-
scale constants and equations, while on the micro and meso scales random events such as fluid 
splatter take precedence. A comprehensive ‘digital twin’ of the AM process would include 
statistical techniques combined with multiphysics and multiscale modeling methods to mimic 
the physical process at different length and time scales to accurately predict structures and 
properties with minimum computational cost [10]. Before digital twins of the AM process can 
be fully relied upon to mimic and correct physical AM processes, microscale modeling 
techniques need descriptors and statistics from experimental methods. The definition of 
microstructural descriptors is an important part of the development of simulations and ML 
frameworks for AM techniques [135]. In Chapter 3, HR-EBSD is used to measure both elastic 




link between thermal environment and microstructural features. This chapter also includes the 
use of a statistical method using Fiji/ImageJ software to quantify the spatial relationship 
between microstructural feature. This statistical technique is also included in chapters 5 and 6 
to determine the evolution of the spatial relationship in a single track IN625 sample and to 
define a microstructural descriptor in laser processed alloys for use in ML.  
The modeling technique used here is a type of computational fluid dynamics (CFD) in 
which the temperature profiles and the melting of solid can be observed during laser 
processing. Using the thermal profiles determined from this simulation technique the evolution 
and kinetics of microstructure may be determined. For example, the comparison of 
microstructure at two different locations of a laser processed material is improved by the 
knowledge of the relative thermal gradients at those locations during laser processing; the 
evolution of strain concentrations and dislocation cell wall thickness may be linked to the 
thermal information. In Chapter 4, the thermal profiles of two varying laser processing 
parameters are used in tandem with the resultant microstructure to determine the level of 
martensite evolution during laser melting of low carbon steel. In Chapters 5 and 6, this same 
CFD model is used to link the thermal profiles and cooling rates during L-PBF and laser surface 
melting to the resulting strain concentrations and dislocation cell wall thickness in Inconel 625 
and pure Ni. The fluid dynamics involved in AM melt pools is an area of intense study and is 
directly responsible for certain transformations during processing.  
Discrete dislocation dynamics (DDD) modeling is a simulation technique that can help to 
gain insight into the mechanisms and kinetics behind microstructural properties and evolution. 




effect, whereby material strength increases as grain size decreases [136]. Voisin et al. used DDD 
simulations to gain insight into cell formation and precipitate strengthening mechanisms, 
finding that without elemental segregation, dislocations remain randomly organized at lower 
density [49]. This result deviates from claims that elemental segregation is not necessary for 
dislocation arrangement into cell structures [99], demonstrating one of the open questions of 
surrounding the evolution of these structures. In this thesis, the temperature and stress state of 
a material system predicted by a finite element model (FEM) are used as inputs in the DDD 
model to determine dislocation density and the level of organizations in the L-PBF 
microstructure.  
The development of materials simulations with the goal of property prediction and 
manufacturing optimization is an important area of research. Simulations on different length 
scales are necessary in order to include the physics at multiple levels; for example, crystal 
plasticity (CP) models, which simulate macroscale structures and properties, ideally would 
statistically account for all phenomena that occur in lower scale simulations such as quantum 
mechanical models [137]. This multiscale framework needs to be validated by experimental 
observations before the required upscaling can be reliably used for engineering predictions; 
experiments that are particularly scarce on the mesoscale [10,137].  
Thesis Aims 
 This thesis is primarily motivated by the potential of laser AM to fabricate complex 
components quickly and efficiently. However, the drawbacks of these manufacturing methods 




laser surface melting and engraving will also be used as model systems for AM techniques. The 
goal of this thesis is to describe the evolution of non-equilibrium features produced by rapid 
solidification (RS) inherent in laser processing which result in unreliable component behavior. 
The main gaps this thesis aims to answer are: 
1. The use of lasers for direct part marking (DPM) is common in medicine and 
transportation, but there is not sufficient research to determine whether these 
markings effect the microstructure or mechanical properties of a component.  
2. Residual stress is a known drawback of AM techniques, and type III strains are important 
for the material properties of a system. However, the microstructure of AM techniques 
results in high intragranular misorientation and leads to unreliable measurement of this 
feature using HR-EBSD cross-correlation.  
3. AM techniques vary widely in raw material and in processing parameters, giving rise to 
microstructures that are unique to each individual method. The relative type III strains 
and dislocation densities, as well as other microstructural features including 
misorientation and cell structures, have not been explicitly tied to the relative thermal 
environments across different techniques. There is currently no statistical description of 
the relationship between microstructural features resulting from different thermal 
environments in AM.  
4. The thermal environment during laser processing, including AM, varies based on 
location giving rise to anisotropic microstructures and strain distributions. The evolution 
of dislocation structures and elastic strain has not been linked to the temperature 




Using surface laser engraving to mimic DPM, this thesis demonstrates the decrease in 
fatigue life caused by phase transformation during laser processing of industry relevant high 
carbon steel FC-0208. Additionally, different extents of laser engraving are used to determine 
that this phase transformation can be avoided with fewer laser passes, suggesting that DPM 
can be used with specific processing parameters that may not affect the material properties of 
a component. This experiment also suggests that surface laser engraving can be used for 
precision microstructural modification in cases where local control is necessary. Thermal 
modeling is used to define the temperature gradients and cooling rates resulting from different 
levels of laser engraving, suggesting that increased temperature and time above austenitizing 
temperature leads to phase transformations in this material.  
HR-EBSD cross-correlation is a recently developed method of measuring type III strains, but 
is of little practical use in methods with high intragranular misorientation, such as those 
resulting from laser processing or AM. In this thesis, an open-source software, OpenXY [138], is 
used to demonstrate the extraneously high strains present during usual cross-correlation and a 
rotation tolerance is introduced to ensure that high levels of misorientation between the 
reference and test patterns do not cause miscalculations of strain. This technique is used 
throughout the thesis for calculation of type III elastic strains produced by laser processing in 
Nickel superalloy Inconel 625 (IN625).  
Three unique methods of AM with widely varying thermal environments are used in this 
thesis to demonstrate the influence of thermal history on microstructure during AM. Using 
statistical analysis, it is observed that laser AM results in significantly higher levels of elastic 




density distributions is used to determine that these features are more closely related, 
spatially, in laser AM than in less thermally violent AM methods. The spatial relationship 
between these specific microstructural features is introduced as a possible descriptor for future 
simulations of microstructural evolution during processing.  
In order to untangle the melt pool thermal environment from repetitive thermal cycles and 
heat affected zone (HAZ) influence, single tracks of L-PBF IN625 are analyzed at several 
locations along the build. A thermal simulation is used to determine differences at the end of 
the laser track compared to the center, while microstructural characterization demonstrates 
the changes in dislocation density and elastic strain due to local thermal environment. Discrete 
dislocation dynamics (DDD) modeling demonstrates that the temperature and stress levels at 
the end of the single track result in higher dislocation density and fewer discrete cell structure, 
supporting the experimental and thermal simulation results. Combined results from 
experiments and simulations suggest that the temperature gradient and cooling rates are 
directly related to the distribution of type III elastic strain and the level of dislocation density in 
cell walls.  
Thesis Layout 
Chapter 2 looks at possible phase transformations resulting from a laser engraving 
process. Structural FC-0208 steel is engraved using one laser pass and five laser passes to 
determine the extent of martensite formation present in this surface laser processing 




and it is found that using a higher number of laser passes results in increased formation of 
martensite.  
Chapter 3 provides a detailed introduction to the characterization of microscale elastic 
strain using high-resolution electron backscatter diffraction (HR-EBSD) and cross-correlation of 
EBSD patterns, a method used throughout this work to track the evolution of elastic strain in 
varying thermal environments. Using Inconel 625 fabricated by laser-powder bed fusion (L-PBF), 
this chapter describes the implementation of a novel misorientation tolerance necessary for 
obtaining reasonable elastic strain values from metal parts containing high levels of 
intragranular misorientation, such as those produced using laser processing techniques. 
Observation of geometrically necessary dislocation (GND) dense intragranular low angle grain 
boundaries (LAGBs) and their possible relation to elastic strain concentrations are also 
discussed in this chapter.  
 In Chapter 4, the elastic strain calculation described in the introduction and in Chapter 3 
is implemented in Inconel 625 parts fabricated by three AM technique with widely varying 
thermal environments: binder jet 3D printing (BJ3DP), electron beam freeform fabrication 
(EBF3), and L-PBF. A novel spatial analysis method is performed on the resulting elastic strain 
and GND density maps to determine statistical differences in the correlation of these 
microstructural features resulting from differences in thermal environments during processing. 
It is shown that more complex, violent thermal histories such as those in L-PBF result in a 
significantly closer spatial relationship between elastic strain and GND density than that seen in 




Chapter 5 is concerned with the local thermal environments occurring in L-PBF and 
demonstrates the evolution of dislocation structures and elastic strain in a 1D track of Inconel 
625 built by L-PBF. A computational fluid dynamics (CFD) simulation is used to quantify the 
thermal gradients and cooling rates present at different location along the single track in order 
to correlate these variables to the microstructural evolution. A DDD simulation is used to 
simulate cells walls resulting from the processing parameters of the L-PBF track, corroborating 
the effect of thermal environment on dislocation density.  
To conclude this thesis, Chapter 6 discusses the impact of results presented in this thesis 
and future work in the field of melt pool thermal analysis, specifically the effect of solute 
microsegregation on the evolution of cell walls. The cells in AM are typical of those found 
elsewhere in metallurgy, usually including both microsegregation and dislocation dense walls, 
however it is an open question in the AM community whether these cells are formed first by 
solute segregation or by dislocations.  Preliminary microstructural comparisons between 
Inconel 625 and pure Nickel produced via L-PBF suggest that solute is necessary for the 
formation of dislocation cells. Applications of the methodologies described in Chapters 3 and 4 
and the future of data driven predictive technologies in AM are discussed and the contributions 
of the results in this thesis are summarized.  
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Chapter 2. Precision Modification of Microstructure and Properties 
through Laser Engraving 
 
Introduction 
Processing of metallic parts by lasers is an active area of research due to the desire for 
local functionality and the capability of laser processing for microstructural modification [1–3]. 
Surface laser processes include heating, melting, and vaporization, each dependent on the peak 
surface temperature as well as the laser’s thermal dwell time. Different laser surface processes 
can be applied for various desired results; for instance, vaporization of component surfaces 
with a laser enables welding and cutting, while surface melting may result in transformation 
hardening [3,4]. Laser surface modification (LSM) has been widely used in tool steels in an 
effort to increase their performance by altering the surface structure through laser treatment; 
techniques including laser alloying and laser cladding have been used to alter the surface 
properties of various metal alloys [5–7]. Methods of laser processing including laser polishing 
have emerged as structure and property tailoring methods as well. Laser surface treatment was 
found to significantly improve corrosion resistance in Ti-6Al-4V as well as producing a smooth, 
crack free surface [8] while laser surface quenching was used to eliminate selective phase 
corrosion in Nickel-Aluminum Bronze by transforming the surface layer to a single phase, fine 
grained structure [9].   
Lasers are also being intensely investigated for component fabrication through additive 
manufacturing (AM) processes including selective laser melting and direct laser deposition due 
to the variable microstructures and mechanical properties resulting from high cooling rates and 




manufacturing and repair, AM built components and surfaces often require post-processing 
either for enhanced mechanical properties or due to surface roughness [13]. The surface of AM 
parts usually exhibits a high degree of surface roughness with features such as unmelted 
particles and the staircase effect due to layer-by-layer fabrication. Several post-processing 
techniques, including mechanical, chemical and laser methods, have been used in the attempt 
to improve the surface of AM components [14]. Laser polishing is a promising method in which 
the surface layer is remelted to result in a smooth surface and modified microstructure, 
without chemical contamination or mechanical polishing media [15,16]. In addition to resulting 
in a substantially reduced surface roughness, Chen et al. observed increased tensile strength 
and dislocation density, including cellular substructures, on the surface of stainless steel 316L 
fabricated by laser AM after laser polishing [15].  
Laser engraving of metallic surfaces has been popularized as a method of direct part 
marking (DPM) in aerospace and biomedical industries, replacing barcode technology for part 
identification and tracking [17]; an example of a 2D data matrix used for part marking can be 
seen in Figure 1.  This has resulted in changes to the properties of components, leading to 
several experimental investigations in an effort to put forward process maps for laser 
parameters based on specific alloys to optimize marking readability and component properties 
[18–22]. High temperatures and fast cooling rates imparted by the engraving laser result in a 
fine grained and defect-dense microstructure that resists wear, improves biocompatibility and 
increases corrosion resistance [23,24]. The microstructural effects of laser melting and the 
properties conferred by specialized surface modifications have been well documented in tool 




less understood in other alloys. In addition to controlling global surface properties, laser 
modification provides a path toward precision tailoring of local microstructures.   
During the engraving process, relatively low amounts of energy are imparted to the 
material as compared to the thermal mass of the part, meaning heating and cooling rates are 
very high. As a result, laser processing can cause phase transformations far from equilibrium, 
such as the martensite transformation in steels [30]. Laser processing of structural components 
can result in stress concentrators, including notches; Donaldson concluded that powder 
metallurgy (PM) materials are sensitive to notches, which can result in decreased fatigue 
performance due to increased stress [31]. In this study we use laser engraving as a model 
system of the effect of localized microstructural modification through laser processing by 
demonstrating the change in mechanical fatigue after laser engraving and microstructural 
characterization of intact components. A thermal simulation of the laser engraving process is 
used to inform microstructural observations including phase transformations.   
We use electron backscatter diffraction (EBSD) and optical microscopy to determine 
changes to these microstructural features resulting from two laser engraving schemes: light 
engraved (LE), in which the laser passes over the sample in a 2D data matrix pattern one time, 
and deep engraved (DE), in which the laser passes over the sample in the identifying pattern 
five times. It is expected that these two schemes will result in noticeable microstructural 
differences due to the difference in thermal profiles. The DE sample is exposed to repeated 
laser passes and, therefore, a comparatively long time at elevated temperature while the LE 
sample returns to ambient temperature after a single laser pass and with a fast cooling rate 




schemes are simulated using high-fidelity computational fluid dynamics (CFD) simulations with 
a commercial software, FLOW-3D. 
We demonstrate that Geometrically Necessary Dislocation (GND) density and 
intragranular misorientation are higher in the LE sample, while the presence of martensite is 
observed only in the DE specimen. A thermal simulation is used in tandem with microstructural 
observations to identify optimal (or sub-optimal) thermal environments for phase evolution 
and dislocation arrangement. It is found that a thin martensite surface layer results and fatigue 
strength decreases in DE laser engraved sample. Our analysis sheds light on the thermal profile 
necessary to cause martensitic transformations in laser engraved ferritic steels, working toward 
local microstructure tailoring. Our results suggest that in order to prevent substantial 
martensite from forming the amount of time above the ferrite-austenite transition temperature 
should be minimized.  
Methods 
Material 
 FC-0208 is the MPIF Standard 35 designation for a powder metallurgy high-carbon 
content steel comprised of Fe, 2wt% Cu and 0.8wt.% C [33] and was used for the experiments in 
the as-sintered condition. Prior to engraving, the sample exhibits a fine pearlite microstructure 
(Error! Reference source not found.2). FC-0208 is widely used in the P/M industry and has well-d
efined mechanical properties [34].  
The powder mix was compacted into transverse rupture strength (TRS) test specimens 




Corporation to a target density of 6.9 g/cm3. The TRS specimens comply with the geometry 
defined by MPIF Standard 41. Final chemistry was determined using a LECO Carbon analyzer 
and PANalytical XRF system at GKN Hoeganaes to ensure that the material complies with MPIF 
Standard 35 (Table 2-2).  
 
Figure 2-14. Schematic of line engraved and an example of a 2D data matrix achieved by laser engraving. 
  




 FC-0208 as-sintered samples were engraved using a Ytterbium fiber laser according to 
part marking standards defined by Fiat Chrysler Automobiles (FCA) [35]. Line and 2D matrix 
samples were engraved using light or deep laser parameters (described in  
wt. % Fe wt. % C wt. % Cu 






engraved DE samples were used for fatigue testing while 2D matrix engraved samples were 
used for microstructural characterization (Figure 1).  
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 Fatigue testing was performed using CPMT standard cyclical 3-point-bend tests until 
sample failure. Low (LCF) and high (HCF) cycle fatigue tests were performed at maximum 
stresses of 525 and 208 MPa, respectively. The target number of cycles in LCF tests was 20,000 
while a target of 200,000 cycles was set for the HCF tests. Fatigue testing was performed only 
on DE line engraved and as-sintered samples.  
 
Figure 2-15. Microstructure of as-sintered FC-0208 before laser engraving. 
Characterization 
 Optical microscopy was used to characterize the pre-engraving microstructure and 
measure the depth of the engraving. Electron backscatter diffraction (EBSD) was performed on 
a FEI XL30 ESEM using an EDAX collection system to characterize the orientation and phase of 
each sample. GND density was calculated using a method described by Leff, Weinberger, and 





High-fidelity computational fluid dynamics (CFD) simulations were implemented using 
FLOW-3D. This model numerically solves coupled mass, energy and momentum conservation 
equations, and tracks the fluid surface (void/liquid interface) via Volume of Fluid Advection with 
the split Lagrangian method; a more comprehensive overview can be found in [37–39]. 
Thermo-physical properties were based on a 1% C steel of similar composition, and can be 
found in Table 4, with all properties (e.g. density, thermal diffusivity, surface tension, vapor 
pressure) as temperature-dependent when applicable. The heat input from the laser was 
imposed on the top free surface, assuming a Gaussian distribution, and modeled as vertical rays 
that undergo partial absorption (depending on the material’s absorption coefficient) and reflect 
until the ray flux is <5% of its initial value [40,41]. 
In this study, two engraving simulations were carried out “light” and “deep” engraving 
passes, 450 µm in length. The 3D computational domain had the following dimensions: 2472 
µm (length, or the x-direction), 720 µm (width, or the y-direction), and 804 µm (height, or the z-
direction).  A coarse mesh (12 µm grid spacing) was used for the simulation volume to capture 
heat transfer, and a finer mesh (6 µm grid spacing) was used in the region exposed to the laser 
and where the material underwent a phase transformation from solid-to-liquid. The laser 
geometry and parameters mirrored those included in Table 3. The light and deep engraving 
simulations took ~2 and ~6 hours of CPU clock time, respectively, using a workstation with an 











Table 2-5. Thermo-physical properties of FC-0208. 
Property Value Temperature Range [K] 
Melting Point [K] 
Solidus 1643 
Liquidus 1743 
Enthalpy of Fusion [J/g] 277 - 
Enthalpy of Vaporization [J/g] 7880 - 
Density [g/cm3] 
4.42 –1.6x10-4 *(Tempature-298K) 298-1643 
4.21 – 5x10-5 *(Tempature-1643K) 1643-1743 
4.205 –2.5x10-4 *(Tempature-298K) 1743-3533 
Specific heat [J/g/K] 
0.546 + 4.9x10-4 *(Tempature-298K) 298-1643 
.72 + 1.2x10-4 *(Tempature-1743K) 1643-1743 
8.31 1743-3533 
Thermal conductivity [W/cm/K] 
0.07 + 1.3x10-4 *(Tempature-298K) 298-1643 





Surface tension [g/s2] 1800-0.25 *(Tempature-1743.15K) 1743-3533 
Viscosity [g/cm/s] 0.0325-4x10-4 *(Temperature-1743K) 1743-3533 
Saturation Pressure [Pa] 1.013x105 - 
Absorption coefficient 0.4 298-3533 
Results 
High cycle (HCF) and low cycle (LCF) fatigue tests were performed on both as-sintered and DE 
line engraved TRS bars, with a maximum load of 208 and 525 MPa, respectively. Figure 3 
demonstrates that the DE laser parameters decrease the fatigue strength in both mechanical 
tests, with the average number of cycles before failure in the HCF tests decreasing by 50% after 
engraving. Interestingly, the standard deviation decreased in the engraved samples in both HCF  
and LCF tests. 
 





Figure 2-17. Optical micrographs of DE laser engraved FC-0208 at 3, 6, and 9mm along the length of line 
engraving showing increased depth of HAZ near the end of the engraving. 
 
Due to the current interest in LST and laser polishing for improvement of mechanical  
properties and surface roughness, this decrease in fatigue strength warrants an inspection of 
the microstructure in laser engraved metal. Other laser processing techniques have found 
martensitic transformations in various alloys due to rapid solidification which affected 
mechanical and electrochemical properties. To investigate the initiation of martensite, our 
microstructural characterization was carried out on two levels of laser treatment. Optical and 
electron microscopy were used to characterize the different microstructures in as-sintered and 
laser engraved samples, including both LE and DE parameters. Optical microscopy of DE line 
engraved samples was performed to determine any change in the HAZ as the laser travels 
across the sample (Error! Reference source not found.). There is a phase difference at the s
urface of the engraving that increases in depth with length along the engraving. This phase 
(light gray in Error! Reference source not found.) is thought to be martensite due to the known e
ffect of case hardening steels where a laser beam causing the surface to transform to austenite 
is followed by self-quenching by conduction, transforming the surface to martensite [4].  




of engraving, with the HAZ penetrating to 1.2μm at 3mm from the beginning of the track to 
4μm at 9mm from the beginning of the track.  
 
Figure 2-18. SE image of laser engravings in 2D matrix pattern. Red box shows location of EBSD scans in 
both light and deep engraved samples. 
 
Electron microscopy of 2D matrix LE and DE engraved samples was performed in the 
location shown in Error! Reference source not found., where the laser direction is denoted by a r
ed arrow. Several laser tracks make up the overall matrix pattern engraved on the surface, and 
at the end of each individual track there is a depression left by the melting of material. Our 
characterization was carried out at the bottom of this depression, in an effort to characterize 
the metal which reaches the highest temperatures. The cross-section of the sample was 
analyzed at the end of a laser track to examine changes in microstructure versus depth. The 
same location was observed in both light and deep engraved samples.  
EBSD maps in Error! Reference source not found. give more information about the m
icrostructure at the end of laser engraving in 2D matrices. Error! Reference source not found. 




distribution (GROD) for relative misorientation within grains. There are larger grains with more 
intragranular rotation on the surface of the LE sample, while smaller grains of uniform 
orientation are seen in the GROD maps of the DE sample. Additionally, using TSL OIM analysis 
software it is found that the light engraving sample has a higher fraction of low angle grain 
boundaries (LAGBs, <15deg) than the deep engraved sample (18.6% and 13.2%, respectively) 
due to the decreased time at elevated temperature in the LE sample. It can be seen in the DE 
sample that grain size increases as distance from the HAZ of the laser increases; the red 
horizontal line in Error! Reference source not found.d is at 15um depth and separates small g
rains of consistent orientation at shallower depths from larger grains with substantial 
misorientation at increasing depths. This may be the extent of the HAZ in the deep engraved 
sample.  
GND density is shown in Figure 7 for the LE and DE engraved samples. The average GND 
density in each sample is 1.8e15 m-2 (LE) and 1.5e15 m-2 (DE). The slight decrease in GND 
density in the dark engraved sample suggests that some dislocation movement or annihilation 
may occur during repeated laser passes at sustained elevated temperatures. We have 
previously shown decreased dislocation density at increased depths from the surface in laser 
AM IN625, which is due to the cyclic thermal process of the AM method exposing deeper layers 
to increased temperatures and enabling a degree of recovery and dislocation movement [42].   
Phase maps shown in Error! Reference source not found. demonstrate that the DE laser s
cheme results in an increased presence of martensite in P/M FC-0208. Additionally, ferrite was 
not seen at all in the DE sample while cementite and ferrite phases are both present in the LE 




rates within the range of rapid solidification (RS) and increased time above austenitizing 
temperature. Although the LE sample has a peak cooling rate also within the RS regime, it is an 
order of magnitude slower than the maximum rate of the DE sample. This, combined with the 
increased temperature and time above transition temperature of the DE sample, could explain 
the relative absence of martensite in the LE FC-0208. 
 
Figure 2-19. Inverse pole figure (IPF, top) and grain relative orientation distribution (GROD, bottom) of 





Figure2- 20. GND density of light and deep engraved P/M FC-0208. Scale bar is in 10x/m. White lines are 
high angle grain boundaries. 
 
Figure 2-21. Phase maps of LE and DE samples showing increased martensite presence in deep 
engraved sample 
Thermal simulation of repeated laser line engravings was done using FLOW-3D. In an 
approximation of the 2D matrix pattern, several line engravings parallel to each other were 




in the deep engraving compared to the light engraving (Table 4). The light engraving, Error! R
eference source not found., where only one laser pass is used, has a peak surface temperature 
of 2194.9K, while in the deep engraving, Error! Reference source not found., the peak surface 
temperature reaches 2512.6K on the fifth laser pass, both well above the ferrite-austenite 
transition temperature for .8% C steel. In fact, the surface of the DE sample exceeds the melting 
temperature of the alloy, this results in fluid flow and a sharp decrease in the surface 
temperature because the simulation window remains at a fixed coordinate location (Figure 10).  
Cooling rates for both light engraving and deep engraving resulted in speeds in the rapid 
solidification (RS) regime, with cooling rates reaching 107 K/s on the surface of both light and 
deep engraving methods.  
 
 
Table 2-6. Peak Temperatures and Cooling Rates in Light and Deep engraved P/M FC-0208 












Surface 2194.9 2512.6 -1.03x107 -1.40x108 
10 1853.7 2222.7 -7.52x106 -1.29x107 
20 1492.2 1851.2 -3.99x106 -6.71x106 






Figure 2-22. Thermal simulation of light engraving 





Figure 2-23. Thermal simulation of deep engraving. 
Discussion 
A 50% decrease in fatigue life in FC-0208 after DE laser processing suggests a severely 
altered microstructure, specifically that martensite may have formed during solidification. Due 
to fast solidification rates, the elemental distribution and phases present in laser processed 
materials vary greatly from those fabricated by conventional means. Martensite has been seen 




components [4,43,44]. Pantsar found that a lower surface temperature in laser hardened steel 
results in only minor hardening, indicating the lack of martensite near the surface [45]. 
Similarly, in this study the lack of martensite in the LE sample is attributed to the limited time 
spent above austenitic temperature compared to the DE sample, which reached melting 
temperature and spent more time at increased temperatures.   
Results of fatigue testing in laser processed metals have seen mixed results. Branza, et 
al. investigated the effect of laser weld repair on the low-cycle fatigue of a cast, heat resistant 
stainless steel and found that laser welded specimens always resulted in decreased fatigue life. 
In addition to the imposed mis-match between additional welding material and base material, 
the study found that the main detrimental effect was increased stiffness of welded samples, 
resulting in increased stress when exposed to an applied strain [46]. Laser clad repair also 
significantly reduced the fatigue life of AISI 4340 ultra-high strength steel when the clad 
material was AISI 4340, but improved the fatigue life if AerMet 100 steel was used [47].  Laser 
engraving of steel parts has resulted in increased corrosion and fatigue resistance in biomedical 
implants, and selective laser melted steels have demonstrated decreased fatigue life compared 
with wrought parts [22,48]. It is clear that when it comes to laser treatment, the resulting 
mechanical properties depends on the method of laser treatment as well as the parameters 
used (laser speed and power, atmospheric gas).  Our fatigue results demonstrate decreased 
fatigue life of laser engraved steel and highlight that the extent of laser processing is an 
important factor in the resulting microstructural evolution.  
Local control of microstructure and properties may be possible using laser processing 




by L-PBF when compared to the wrought alloy because of decreased elemental segregation; 
similarly, Yue et al. found significantly reduced pitting corrosion in Ti-6Al-4V after excimer laser 
treatment due to limited alloy partitioning [8,49]. Both of these instances of improved 
electrochemical properties are believed to be due to the rapid solidification rates during laser 
processing, which prevent elemental segregation and formation of harmful phases that would 
occur in relatively slower cooled samples. Knowledge of the thermal environments that give 
rise to unique microstructures is necessary if local control is to be successful. For instance, laser 
engraving a specific region of a component to enhance that areas corrosion resistance may be 
possible while still keeping the bulk scale mechanical properties at the necessary levels. Here, 
the extent of laser engraving was seen to influence the microstructural change of FC-0208. The 
top 15um in the LE sample shows larger grains with higher misorientation than the DE sample. 
Figure 8 shows that the maximum temperature at 20um in the LE sample is about 1500K, while 
the maximum temperature at 20um in the DE sample is 1850K. Melting temperature of FC-0208 
is around 2500K, which is exceeded only at the surface of the DE sample where martensite was 
found.  
Dislocations and dislocation structures are known to inform mechanical properties on the 
bulk scale. Dislocation density is typically higher in laser processed components, which has 
resulted in improved mechanical properties [50]. Here, increased dislocation density in the DE 
samples compared to the as-sintered samples appears to have contributed to a 50% decrease 
in fatigue life. However, the increase in dislocation density does not occur until a 20um depth, 
suggesting that fatigue cracks may initiate in the martensite at the surface of the sample due to 




through the bulk of the sample leading to a quick fatigue failure compared to the pearlitic 
microstructure first seen in the as-sintered FC-0208. The phase transformation from ferrite to 
martensite in the DE condition is due to the combination of time at austenitizing temperature 
and fast quenching rates. The austenization of plain carbon steel takes place above 1000K, a 
temperature largely surpassed by both the LE and DE methods. However, homogenization of 
austenite requires diffusion of carbon from high to low concentration regions to an extent that 
is dictated by time and temperature. Then, during quenching, the material with a carbon 
content above .05wt% is transformed to martensite, while the rest transforms to ferrite [4]. The 
decreased dislocation density in the DE condition supports this, demonstrating increased 
dislocation movement due to longer times at high temperature. This explains the relative 
absence of martensite in the LE condition – carbon did not have adequate time to diffuse from 
high to low concentrations, resulting in transformation of austenite to ferrite.  
These results provide guidance for the use of lasers in DPM and in precision modification 
of microstructures. We have shown here that the extent, i.e. number of laser passes, of 
engraving affects the surface microstructure in FC-0208, a high carbon, industry relevant steel. 
Our results demonstrate that a single laser pass is enough to result in an observable marking on 
the part for DPM, while still preventing martensitic transformation on the surface and 
preserving the pre-marked fatigue properties. On the other hand, if lasers are to be used for 
precision modification of microstructures, a number of laser passes, for instance five, used 
here, is best for the transformation of the surface to martensite. Laser treated surfaces of single 




decreased elemental segregation [50]. Therefore, the number of laser passes is a process 
parameter to be manipulated for desired properties and surface microstructure. 
Conclusions 
- Fatigue life of P/M FC-0208 steel was significantly decreased by DE laser engraving 
of line in TRS sample bars due to the formation of a martensitic surface layer. 
- LE and DE laser engraving conditions were simulated using a CFD model which 
demonstrated markedly increased temperatures and cooling rates in DE samples. 
- Extent of laser engraving in 2D data matrix pattern results in varying levels of 
martensite transformation dependent on time sent above austenitizing temperature 
and cooling rate.  
- Fewer laser passes may be best suited for DPM to preserve mechanical properties 
while still creating a visible mark, while a greater number of laser passes is necessary 
for modification of local microstructures for property modification  
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Chapter 3. Interplay of dislocation substructure and elastic strain 
evolution in additively manufactured Inconel 625 
 
Introduction 
   Additive manufacturing (AM) techniques have garnered much interest in the 
manufacturing and metallurgy community due to their potential for decreased cost and time of 
fabrication of complex metal parts [1]. However, the parameters of these processes have not 
been fully optimized for reliable material properties of complex metal parts and this is an 
intense area of investigation for establishment of AM techniques in industries as varied as 
aerospace and medicine [2–5]. AM methods utilize a CAD model to print a 3D part layer by 
layer from raw materials in the form of powder or wire, thereby enabling fabrication of 
complex geometries using a single manufacturing process with minimal waste. There is a 
plethora of different AM techniques, each with unique processing parameters which result in 
varying microstructures and mechanical properties. In this study, we characterize samples 
fabricated by the additive technique direct metal laser sintering (DMLS), a powder bed 
technique in which layers of metal powder are rolled across a build plate in a defined thickness 
and melted by a high-powered laser to produce a 2D cross-section of the component. This 
process is iterated layer by layer to build the final 3D part. Additive techniques like DMLS results 
in material properties that differ from those of cast or wrought alloys; parameters including 
build direction, laser power, laser beam shape, scan speed and others can have a significant 
effect on various properties [6–10]. Large residual stresses imparted by complex thermal 
histories can result in distortion and cracking of DMLS built alloys during fabrication, making 




treatments [11–14]. Re-melting the first layer of powder and the inclusion of support structures 
have been suggested to mitigate residual stresses during manufacture, however, re-melting of 
the first layer was shown to have little effect on thermally induced stresses, while removal of 
support structures may destroy the final component [11,15]. Recently, laser diodes were used 
as an in-situ annealing strategy during laser AM of 316L stainless steel to largely reduce the 
macroscale residual stress during building [14]. The effect of these strategies on the microscale 
elastic strain is, however, uncharacterized. Therefore, the question of the influence of 
microscale elastic strain on microstructural evolution remains unanswered.  
 Despite the level of interest in additive manufacturing, the mechanisms of solidification and 
dislocation substructure formation at extreme temperatures and solidification rates are little 
understood. The cooling rate during DMLS fabrication has been found to be between 104-106 
K/s, well above the necessary cooling rate for rapid solidification (RS), which has been defined 
as at least 103 K/s, and a microstructure typical of RS has been observed previously in DMLS 
fabricated IN625 [16–18]. The thermal environment of DMLS also includes steep thermal 
gradients and repetitive heating by the tracking laser, each of which contributes to complex, 
non-equilibrium microstructures and diverse material properties [16,17,19,20]. The 
microstructure induced by DMLS in several alloys has been observed to include metastable 
cellular structures within grains [21–23]. These cellular boundaries have a high density of 
dislocations and solute elements ejected during solidification and the structures have been 
shown to decompose with annealing. There is no suitable explanation for the mechanism of 
evolution of these metastable subgrain structures, which have been theorized to be a result of 




stresses [22–24]. Additionally, the effects of re-melting and the heat affected zone (HAZ) of 
subsequent laser tracking increases the complexity of the solidification environment and the 
extent of microstructural evolution during these laser passes is unknown.  
 The presence of intragranular cellular structures and their corresponding chemical and 
microstructural inhomogeneity suggests that the residual strain likely also has microscale, 
intragranular inhomogeneity. Characterizing these microscale inhomogeneities in strain could 
lead to deeper understanding of the origins of dislocation substructures as well as macroscale 
deterioration of material properties as dislocation motion and stress relaxation are inherent 
results of deformation in polycrystals [25]. Analysis of elastic strain on the microscale has been 
generally lacking until the developments of HR-EBSD cross-correlation in the scanning electron 
microscope (SEM) and nanobeam diffraction in the transmission electron microscope (TEM) 
made it possible to calculate intragranular elastic strain in polycrystalline metals [26,27]. While 
bulk and grain level residual stresses in DMLS have been studied using neutron and X-ray 
diffraction [28–34], the characterization of microstrains and their relation to dislocation 
substructures and additive building methods have not been investigated in detail until now. 
Here we use the HR-EBSD cross-correlation software OpenXY [35] and a Nye tensor dislocation 
density calculation [36] to observe relative distributions of elastic strain in relation to unique 
microstructural features induced by the DMLS process. We observe that intragranular 
metastable cellular structures contain decreased elastic strain variations while grains and 
intragranular regions without cell structures have highly varied elastic strain distributions. 
These results suggest that elastic strain content during manufacturing drives substructure 




plastic strains and observing their relative distributions, useful data about the solidification 
processes occurring during DMLS fabrication can be gained and fed into microscale simulations 
of DMLS and other nonequilibrium processes [37,38].  









Fabrication and Sample Prep 
 An EOS M270 DMLS system was used to fabricate cubes (10x10x10 mm3) of IN625 using 
the processing parameters in Table 1. These unique parameters have different effects on the 
final microstructures, and the residual strain at a certain point will depend upon its thermal 
history [32]. Printing was performed at Army ARDEC in Picatinny Arsenal, N.J. and followed by a 
Powder diameter (μm) Ave.: 33.8 
Joining Method Yb‐fibre laser 
Laser Power (W) 195 
Laser Speed (mm/s) 700 
Layer Thickness (μm) 20 
Post AM Processing Stress Relieved: 870 ̊C/1hr 




stress relieving step of 870°C/1hr. These processing parameters as well as the post-processing 
anneal were chosen in order to align with typical processing of IN625 on the EOS system.  
 IN625 samples were cut in half perpendicular to the build direction to expose the transverse 
face at a build depth of 5mm before being polished to 1200 grit using SiC paper and up to 1μm 
using diamond suspension. A Buehler VibroMet 2 vibropolisher was used with 0.04μm colloidal 
silica for 24 hours to arrive at an EBSD ready surface. Two scans were performed using 25kV 
and 1x1 binning:  
1) 111,556 data points were collected using a 1.5μm step size showing multiple grains for 
observation of general microstructure and strain distribution using an EDAX TSL-OIM system on 
a FEI XL30 E-SEM.  
2) 61,488 points data points were collected using a 50nm step size to observe local strain and 
GND density contained in intragranular cell structures using the EDAX system on a JEOL 7001F 
FE-SEM.  
 Scans were analyzed for orientation mapping using EDAX TSL-OIM Analysis software. The 





Figure 3-24. Misorientation from reference point in each grain (degrees) in a) scan 1 and b) scan 
2. 
Strain and GND Analysis 
 The open source cross-correlation code OpenXY computes the relative strain between a 
selected reference point in a grain and all other points by detecting differences between their 
Kikuchi patterns. Cross-correlation is used to detect shifts between the reference and current 
pattern for several regions of interest (ROIs) in a method first outlined by Wilkinson, Meaden 
and Dingley [26].  
  If significant misorientation exists between the reference and experimental pattern, the 
features in a given ROI within a reference pattern may be in a different location or even absent 
on experimental patterns and cross-correlation analysis will fail, resulting in phantom strain 
error and strain overestimation [39].  
An improvement to the cross-correlation method outlined by Britton and Wilkinson, called 
remapping, ensures the reference and experimental pattern are in a similar orientation to 




this method was shown to be effective only up to misorientations of 10°, while misorientations 
within grains of up to 20° are observed here (Fig. 1a). To minimize the influence of intragranular 
orientation gradients on the calculation of elastic strain, a modification was implemented in 
which a rotation tolerance limits the misorientation between reference and experimental 
patterns. The rotational tolerance should be chosen to be as large as possible to maximize the 
area being compared to one reference pattern within a grain [40]. With this in mind, we use 
rotational tolerances of 10° and 4° in scans 1 and 2, respectively. This discrepancy is due to the 
lower maximum misorientation (4.3°) across scan 2 (figure 1b). We then reduce the allowed 
angle between reference and test patterns in OpenXY to 2° to examine relative strain contained 
in metastable cell structures bound by dislocation dense low angle grain boundaries (LAGBs). 
This allows more than one reference point per TSL OIM defined grain.   
 There is also a danger of a ‘bad’ reference point, which is highly misoriented from most 
patterns in a grain, being chosen by the algorithm in OpenXY. To minimize the chance of 
choosing a bad reference point, we have modified the selection algorithm to require that the 
reference pattern is close to the average orientation of the grain or subregion specified by the 
rotational tolerance.  
 An estimation of the GND density is performed using the Nye tensor dislocation method 
described by Leff, Weinberger, and Taheri [36]. The dislocation density values are then mapped 
across the sample, allowing direct comparison of local elastic strain values with local dislocation 







GND density of both scans is shown in Figure 3-2, where the maximum of scan 1 (1.5x1015) is 
lower by an order of magnitude than that of scan 2 (1.6x1016). Likewise, the average density of 
scan 1 is lower than that of scan 2 (1.2x1014 and 7.0x1014, respectively). This can be attributed 
to the decreased step size in scan 2 and is a result of a higher fraction of dislocations being 
interpreted as GNDs at smaller step sizes [36]. A noticeable organization of dislocations into 
linear LAGBs (1-2°) is observed in many grains (notated in Fig. 3-2b).  
 
Figure 3-25. Dislocation density in scan 1 (a) and scan 2 (b) of DMLS IN625. Linear dislocation 
structures are noticeable in both scans. Color scale is in 10x. Note the difference in scale. 
 
These dislocation dense structures often accompany regions of misorientation in the inverted 
pole figure (IPF) and grain relative orientation deviation (GROD) maps, shown in figure 3-3. 
GROD tracks intragranular misorientation relative to the average orientation within the grain – 





Figure 3-26. IPF (left) and GROD (right) maps of scans 1 (a and b) and 2 (c and d). Linear 
dislocation structures are noticeable in both scans and shown in detail in scan 2, where the 
maximum misorientation from grain average orientation is 4°. 
 The GROD map shows regions of relative misorientation separated by the organized 
dislocation dense LAGBs for each scan. The linear dislocation structures are observed in all 
three representations of the microstructure, and often separate cells of 1-2° misorientation. 
 The parallel, GND depleted cells contained by dislocation rich boundaries seen in figure 2 
are characteristic of rapid thermal processes that lead to non-equilibrium microstructures and 
have been theorized to be a mechanism to minimize stored strain energy [41].  
Elastic Strain and Dislocation Substructures 
 The elastic strain results from scan 1 are shown in figure 3-4. The implementation of 




± standard deviation of .009±.024, indicative of the distribution shown in the histogram in fig 
5a which demonstrates that the majority of values are below 4%. Using a 2° tolerance without 
remapping results in the same range of calculated elastic strain (.011±.025), but with a slightly 
lower fraction below 4%. The increased fraction of higher strain values in figure 5b is due to the 
up to 2° misorientation between reference pattern and experimental pattern, which was not 
remapped in this data set.  
 
Figure 3-27. Equivalent elastic strain of scan 1 implementing remapping and a rotation 
tolerance of 10° (a; black boundaries show 10° grain boundaries) and using a 2° rotation 
tolerance in the absence of remapping (b; black boundaries show 2° subregion 
 The regions containing dislocation bound cells exhibit low strains in both analyses. Figure 3-
4a shows grains with increased relative strain variations (white arrows) which correlate with 
intragranular regions showing few linear dislocation structures in figure 3-2 (black arrows). 
While the stochasticity of mechanical properties in crystalline materials at the small scale is an 
intense area of research, it is still difficult to specify a plasticity limit at the microscale due to 
effects of various microstructural features [42]. A sub-grain crystal plasticity finite element 




around 1% strain [43,44], while a recent unsupervised learning experiment found a yield point 
of .003 macroscopic strain in DMLS processed IN625 [34]. Here, some grains resulted in 
particularly high elastic strain (boxes in figure 3-4a), the average values of which exceed 1%. 
These high values are thought to be due to selection of poor-quality reference patterns and the 
strain variations in these grains are not, at this point, reliable.  
 
Figure 3-28. Distribution of calculated strain in scan 1 using remapping and a 10° rotation 
tolerance (a) and a 2° rotation tolerance with no remapping (b) 
 
 Figures 6 and 7 show the elastic strain distribution of scan 2, which resulted in overall 
decreased strain values (.007±.008 with remapping and .008±.005 without remapping). Many 
of these strain values still exceed the plasticity limit and therefore are considered to be 
overestimations. Misorientations as small as 2° between reference and experimental pattern 
have been shown to result in overestimation of elastic strain [39], as can be seen in figure 6b 
where the cells bound by dislocation dense LAGBs show higher strain without remapping than 
they do when remapping is implemented. Figure 7a demonstrates that remapping patterns 
results in decreased calculated equivalent elastic strain and a smaller portion of strain values 




of relative strain over a larger subsection, in the case of scan 2 an entire grain, and allows 
observation of strain gradients between dislocation structures.  
 The grain observed in scan 2 contains a dislocation cell structure previously discussed and it 
is observed using remapping that the interior of this cell contains low elastic strain values. 
However, the cell boundaries which were shown in figure 2 to be around 2° show higher elastic 
strain values. This result makes sense as we would expect a region dense in dislocations to have 
more highly distorted diffraction patterns than the interior of the cell with a lower dislocation 
density.   
 
Figure 3-29. Calculated elastic strain in scan 2 using remapping and a 4° rotation tolerance (a; 
black boundaries are 4°) and a 2° rotation tolerance with no remapping (b; black boundaries are 
2°). Color scale values are in equivalent strain measured. 
Using a rotation tolerance alone may result in accurately characterized elastic strain, but the 
implementation of remapping increases the fraction of elastic strain below the slip transfer 
limit (figures 5 and 7). Additionally, the need to use a small rotation tolerance in the absence of 
remapping decreases the area of investigation and does not allow relative strain calculations 





Figure 3-30. Distribution of calculated elastic strain in scan 2 with implementation of remapping 
and a 4° rotation tolerance (a) and with a 2° rotation tolerance without remapping (b) 
  
Discussion 
GND Density and Dislocation Substructures 
 The microstructure of DMLS fabricated IN625 discussed here exhibits cell structures 
separated by linear boundaries of high dislocation density, some of which run the entire width 
of the grain in which they are contained. The high density of dislocations is known to originate 
from the thermal processing occurring during DMLS [45,46]. Intragranular cell structures have 
been previously observed in laser AM processed alloys in uniform geometry and as a product of 
chemical segregation during the fabrication process [22,23,47]. These metastable structures are 
separated by ~200nm wide LAGBs and have been shown to decompose with annealing. 
Additionally, cell structures similar to the ones shown here have been observed in DMLS 
processed Inconel alloys [21,45]. High dislocation densities have been observed in laser AM 
fabricated Ni superalloys forming dendritic subgrains due to the thermal stress production 




 The repetitive thermal cycles of DMLS are known to complicate the already complex 
thermal history of the process [48]; however, the movement of dislocations and formation of 
subgrains throughout a DMLS component are still little understood. The depth of the analyzed 
area in many previous microstructural studies on Inconel alloys produced by laser additive 
techniques is unreported; however, the direction changing dendritic microstructure found near 
the top surface by Zhao et al. demonstrates that the microstructure in these alloys is indeed 
depth dependent [49–51]. While more specific thermal gradient data is necessary to fully 
understand the dislocation structure evolution with processing, we demonstrate in this study 
that at a build depth of 5mm, the typical RS microstructure present after laser additive 
processing has evolved into a more equiaxed grain structure containing organized dislocation 
cell structures similar to dendritic subgrains found previously. Our results suggest 
microstructural evolution of previously deposited layers during laser processing due to 
repetitive laser exposure and the presence of the HAZ.    
 Laser tracking over a virgin powder layer re-melts previously melted layer(s), reintroducing 
high thermal gradients and fast cooling rates in the molten pool and HAZ, the depths of which 
are highly dependent on laser parameters [50]. Previous simulations have estimated the depth 
of the molten pool itself to be ~750μm, thicker than the typical powder layers used in DMLS 
manufacturing (~20-80μm), meaning a single layer may be re-melted ~10 times before moving 
into the range of the HAZ and finally out of reach of extreme thermal gradients induced by the 
laser [17,50]. The temperatures introduced by the laser on previously melted layers are 
generally still above the liquidus temperature and the HAZ induces temperatures high enough 




responsible for the static recrystallization undergone by DMLS fabricated Ni superalloys during 
post processing [51]. The correlation between dislocation motion and stress release in AM 
metals has been studied on the grain level during mechanical deformation with HEDM and 
unsupervised learning [34]. However, microstructural evolution during DMLS processing is little 
understood. The dislocation structures shown in this study are similar to those seen in Yoo, et 
al.[21] and are thought to be mechanisms of strain minimization; figure 6a supports this theory, 
showing low relative strain between cell structure separated by high GND density boundaries. 
Thus, the thermal strains induced during a single laser pass may drive dislocation motion in 
subsequent laser and HAZ passes, resulting in unique recrystallization mechanisms forming 
subgrain and grain boundaries during fabrication.  
Elastic Strain  
 Thermally induced strains are produced on the bulk and microscales in many fabrication 
techniques with sufficiently high thermal gradients; quenching of a component will result in 
tensile strain on the surface and a layer of compressive strain in the interior due to the outer 
surface cooling and contracting while the bulk of the material is still warm and expansive. 
[52,53] Elastic strains on the intragranular scale such as those measured here are normally a 
result of the stress fields of dislocations or coherency at interfaces. [53] It has been found 
previously that these dislocation substructures have associated long-range internal stresses in 
the presence and absence of dislocation pile-ups.[41] Due to the highly localized thermal 
gradients induced by the laser in DMLS, microscale elastic strains may be affected by a 
combination of temperature, dislocation substructure, and interfaces during solidification. 




processing which DMLS components often undergo, resulting in altered mechanical and 
material properties. [54,55] Here we outline a method by  which the little understood nature of 
the relationship between dislocation substructure evolution and intragranular elastic strain 
distribution can be investigated in order to understand the evolution of residual stresses and 
their effects on final components. [41,56] 
 While the introduction of residual strain during DMLS is known to be caused by the thermal 
environment, there is a lack of understanding surrounding its role in microstructural evolution 
[32,57–61]. The elastic strain results shown here demonstrate low strain variation between cell 
structures bound by dislocation dense LAGBs, while some grains without cell structures exhibit 
higher variations of elastic strain. The extent to which thermal elastic strain drives formation of 
cell structures or boundary migration during AM process is little understood; finite element 
simulations have demonstrated that the level of residual strain in AM parts varies with depth 
and distance from the melt pool [62–64]. High stresses are found at the top of the build and 
nearer to the center of the laser track, locations where the highest thermal gradients and 
fastest solidification occurs. Additionally, cellular automata simulations have predicted the 
development of cell structures such as those seen here [65,66]. We show elastic strain 
variations on the microscale which correlate to the presence of dislocation bound subgrains; 
low elastic strain within the subgrains, and higher strain values (and variations) in regions and 
grains without subgrains, suggesting the formation of subgrains is indeed driven by elastic 
strain energy. The high values of elastic strain shown at dislocation dense boundaries are 
effects of lower quality diffraction patterns at these points and are not evidence of high elastic 




densities found using the Nye tensor analysis at these locations, as plastically deformed lattices 
containing high dislocation densities result in low quality diffraction patterns. 
 The cross-correlation process for elastic strain calculation using EBSD patterns has been 
described elsewhere, as has the remapping method used here [26,39]. However, further 
subdivision in this analysis is necessary to result in strain values below the plasticity limit across 
sub-regions of similar misorientation. When dividing the grains into sub-regions to reduce the 
strain to reasonable levels, a new reference pattern must be selected for each new division. The 
OpenXY algorithm used here has two methods of choosing reference patterns: it can attempt to 
pick the point with an orientation closest to the mean orientation of the entire sub-region, or it 
can attempt to pick the pattern with the highest image quality. Here, we used the former 
method which generally produces better results; however, it may also result in selecting a 
pattern with poor image quality. Because of this, some entire sub-divisions will have 
disproportionately high strains relative to those around them, as mentioned in the results 
section and can be seen clearly in figure 4. A more robust method of selecting reference points 
that attempts to compromise between the two could possibly resolve this. Additionally, a more 
robust method of assessing the quality of the cross-correlation could allow us to flag points that 
have an erroneous strain due to poor reference pattern selection. While figure 7 shows the 
occurrence of elastic strain values higher than the 1% yield mentioned previously, these outliers 
may be explained by experimental patterns of poor quality. However, in scan 2 it is not 
considered that the reference pattern itself is of poor quality, as most strain values are less 




strain localization in the presence of substructures, because the use of a low rotation tolerance 
results in the loss of continual relative strain maps across substructure boundaries.   
 We are unable to fully account for the changes in the stress state of the material brought 
about by grinding and polishing in preparation for EBSD. Little is known about the effect of 
these techniques on the microscale elastic strain state of the material; Everaerts, Salvati, and 
Korsunsky [67] used a focused ion beam – digital image correlation (FIB-DIC) technique in Ti-
6Al-4V to measure plastic deformation induced by different polishing slurries and found that 
colloidal silica resulted in no appreciable deformation. However, in our polishing technique 
silica was used after other diamond polishing slurries and therefore it is possible that some 
plastic deformation remains on the surface of our material. 
 Future experiments using known thermal gradient data in conjunction with microstructural 
simulations will result in deeper understanding of the extent to which strain minimization 
mechanisms are effective at shallower build depths where the material is not exposed to as 
many repeated laser tracks. Serial sectioning of single tracks of additively manufactured metals 
will provide a unique study on microstructural evolution, enabling researchers to travel through 
the thermal history of the additive process while observing the effect of elastic strain on the 




• The microstructure of DMLS fabricated IN625 contains intragranular dislocation structures 




dislocation structures during repetitive laser tracking and material addition are still largely 
unknown.   
• Dislocation cell structures which had been observed in similar materials were seen here to 
exhibit decreased elastic strain variations within regions enclosed by dislocation rich 
boundaries, supporting the claim that these cells are strain minimization mechanisms 
during solidification processing.  
• Grains and intragranular regions without dislocation substructures exhibited higher elastic 
strain content than shown within linear dislocation substructures, suggesting elastic strain 
influence on microstructural features during AM solidification.  
• The results provide a foundation for future experiments using HR-EBSD in conjunction with 
thermal models to further the understanding of thermal stress and dislocation substructure 
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Chapter 4. Role of Processing in Microstructural Evolution in Inconel 
625: A Comparison of Three Additive Manufacturing Techniques 
 
Introduction 
 Additive manufacturing (AM), due to its potential for efficient production of complex 
components [1–5], has garnered much attention in both basic research and manufacturing in 
fields as diverse as medicine and aerospace engineering. There is strong motivation to design 
AM parts at the microscale to achieve targeted material properties. Differences in AM 
processing parameters, such as heating rate and feed material, lead to drastic differences in 
resulting microstructure and mechanical properties [6–9]. Moreover, AM processes can even 
yield spatial differences in microstructures due to unique thermal histories at different 
locations in a single component [10–12]. Benchmarking these variations within processes as 
well as across AM techniques is critical in order to fully realize the potential of AM for rapid and 
reliable insertion into application space; one microstructural descriptor that provides a pathway 
toward benchmarking is elastic strain.  Elastic strain is a known obstacle in the AM community, 
however there is a lack of understanding surrounding its evolution and influence on 
microstructural defects, including dislocation substructure, or geometrically necessary 
dislocation (GND) density. The initial dislocation density of Ni superalloys has been previously 
reported to impact the microstructural evolution during post-processing treatments, for 
example γ” was found to precipitate preferentially on subgrain boundaries in IN625 and the 
segregated microstructure of AM IN65 has been shown to influence the kinetics of δ phase 
formation [13,14] To improve the prediction of microstructures and material properties from 




become a driving force within the field of AM[15,16]. This paper provides a quantitative 
comparison of the differences in microstructure and spatial distribution of microscale elastic 
strain and GND density in Inconel 625 fabricated by three unique AM methods: binder jet 3D 
printing (BJ3DP), electron beam freeform fabrication (EBF3), and direct metal laser sintering 
(DMLS).  
BJ3DP is an area of great interest for structural alloys due to the absence of a high 
energy laser or electron beam [2,10], and thus, lacks steep thermal gradients. In BJ3DP a liquid 
binder is used to selectively bind metal powder together into a desired geometry; the ‘green 
part’ is then cured in an oven at near 200°C to strengthen it [17]. The post-curing ‘brown part’ is 
sintered in a vacuum furnace to burn off the remaining liquid binder and to increase the density 
of the final part. The BJ3DP process has the most even thermal gradients and the slowest 
cooling rate of all three processes studied in this experiment, and it has been shown to result in 
equiaxed microstructures with little intragranular misorientation in Ni superalloys [7,8]. 
However, this AM method is highly dependent on the powder size and binder saturation and is 
often complicated by porosity in final components which can have a detrimental effect on the 
mechanical properties of the final part and often requires post-processing steps such as hot 
isostatic pressing (HIP) [18]. 
 Electron beam freeform fabrication (EBF3) is an additive technique developed by NASA 
Langley Research Center (LRC) in an effort to design a fabrication process free from powder for 
use in low gravity environments [9,19]. By using a feed material of metal wire and an electron 
beam, 3D components can be built quickly in a vacuum and with little waste material when 




accurate geometries and therefore EBF3 has been found to be most suitable for large, simple 
geometries [22]. During EBF3, a high-power stationary electron beam welds metal wire 
together on a preheated build plate that is mobile in three dimensions. Variations in 
microstructure have been accomplished by changing the parameters of the EBF3 process, for 
instance a slow build plate translation results in large grained dendritic microstructures, 
expected for processes with slow cooling rates [23]. Process maps have been used previously 
for single bead Ti-6Al-4V fabricated by EBF3, where beam power and plate velocity are used to 
control melt pool dimensions toward a predicted grain morphology [24].   
 Direct metal laser sintering (DMLS) is a more commonly used AM process than EBF3 in 
which a high-powered mobile laser in an inert environment is used to partially melt metal 
powder into a desired geometry. DMLS results in higher thermal gradients and faster cooling 
rates than are typical in EBF3 or BJ3DP, usually resulting in smaller grains and potentially 
undesirable mechanical properties including residual strains [25]. The microstructure resulting 
from DMLS is highly dependent on melt pool shape and energy density; Agrawal et al. found 
that at increased energy densities the grain size and aspect ratio increased, and texture was 
more random in 316L stainless steel [26]. These experiments result in process maps which can 
be used to design and predict microstructures; however, the dislocation substructures and 
elastic strain distributions, both of which are important to microstructural evolution and final 
mechanical properties, have not been investigated to this degree due to the difficulty in their 
characterization. The residual strains imposed by the DMLS process can be large enough to 
induce warping in the component after it is released from the build plate and can cause failed 




with a number of processing parameters which could alter the thermal gradients and cooling 
rates of the manufacturing method; however, this method is more attractive to some than 
EBF3 in part because DMLS is more precise and results in parts with better manufacturing 
tolerances [27,28].  
 Residual strains in AM produced metal parts have been identified as a potentially 
problematic property and have been investigated thoroughly on the bulk and more local scales 
using neutron and X-ray diffraction [25,27,29,30]. However, residual strains on these levels are 
indicative of more meso and microscale residual strains which are a direct product of the 
complex solidification occurring in many AM methods [31]. Characterization and understanding 
of these local elastic strains are necessary if the AM community desires to engineer elastic 
residual strains, on any scale, into or out of their final components. Microscale residual elastic 
strain is not unique to AM but the thermal environments of these processes make it a 
significant obstacle in AM compared to conventional processing. Electron backscatter 
diffraction (EBSD) has recently emerged as a tool for microscale elastic strain characterization 
and has been used for calculation of elastic strains in AM [32–34]. The quantification of elastic 
strain distribution in AM materials could improve theories of rapid solidification (RS) 
mechanisms and engineering of AM processes to produce desired microstructures. Additionally, 
dislocation substructures on the microscale were recently shown to be related to the presence 
of strain during solidification [35], emphasizing the importance of thermally induced microscale 
strains on the resulting mechanical properties of AM components. 
  Dislocation substructures have been widely observed in DMLS components of various 




properties including radiation tolerance [40,41]. Linear dislocation structures were previously 
observed in DMLS IN625 [34] in tandem with elastic strain, where it was seen that low elastic 
strain was largely contained by the dislocation substructure network. Dislocation substructures 
have also been seen in powder bed electron beam melting (EBM) [42], however, they have not 
been reported to this date in EBF3 or BJ3DP. This disparity in the presence of dislocation 
substructures is due to the difference in thermal environment between AM techniques. DMLS 
and EBF3 are both methods of AM with intense thermal gradients and repetitive heating cycles 
at high temperatures which can lead to RS, while BJ3DP does not include such fast solidification 
mechanisms or violent heating environments. The presence of dislocation cells in laser AM 316L 
is sometimes accompanied by solute microsegregation, however the mechanical properties of 
this alloy have been shown to have increased dependence on cell size, rather than the strength 
of segregation[40]. Void swelling in an as-built DMLS 316L stainless steel under heavy ion 
irradiation was seen to be twice as high as in the post-processed alloy, which had fewer 
solidification dislocation substructures[41]. These results highlight the importance of 
dislocation substructures on the properties and complex evolution of AM alloys, and perhaps 
more importantly, the need for predictive design of these structures based on key 
microstructural descriptors.  
In order for reliable, predictable properties to be achieved in a design space as 
expansive as that of AM, microstructural features must be characterized quantitatively. We 
show that with increasing thermal gradient and solidification rate the IN625 microstructure 
exhibits higher values of both elastic strain and GND density, as well as significantly varying 




technique which allows the spatial relationship between certain features to be quantified. We 
show that DMLS, the technique involving highest thermal gradients and fastest solidification 
rates (with the parameters used in this study) contains a strong spatial relationship between 
elastic strain and GND density, while BJ3DP exhibits a significantly weaker relationship between 
these features. In addition to furthering the understanding of AM solidification mechanisms, 
this method can be used to facilitate the inclusion of microscale strain and GND density into 
predictive ML frameworks, which have typically excluded these descriptors due to the difficulty 
in characterization and quantification[43–45]. Further progress can be made by using the 
techniques shown here to quantify microstructures resulting from more similar thermal 
environments, such as spatially and temporally varying thermal gradients in a single AM build. 
Materials and Methods 
 Inconel 625 was chosen as the material of interest due to its importance in aerospace 
and transportation industries, its ability to be used with all three additive techniques, and the 
absence of harmful secondary phases, such as Laves phase, seen in other Ni alloys. Process 
parameters of each manufacturing technique are described below. The analysis in this study is 
done on longitudinal faces of each printed sample.  
Binder Jet 3D Printing 
 Fabrication of BJ3DP parts was performed at Hoeganaes Corporation in Cinnaminson, NJ 
on an ExOne Innovent printer using polyethylene glycol binder with 100% saturation of each 
50μm thick layer of water atomized particles with an average particle diameter of 12.7µm. 




recoat speed after the drying time was 110mm/sec with roller traverse and rotation speeds of 
5mm/sec and 300rpm, respectively. The process was carried out in atmosphere with a building 
platform temperature of 48°C. Following the binder jet process, the tensile specimens were 
sintered in a vacuum furnace using the following sintering schedule: ramp at 300.5°C/h to 
700°C for 1.5h + ramp at 282.2°C/h to 1000°C + ramp at 42.2°C/h to 1315.5°C for 1h + furnace 
cool to 10°C for 5h. 
Direct Metal Laser Sintering 
DMLS parts were produced using an EOS M 270 system in a protective N2 environment with 
EOS NickelAlloy IN625 powder which has been optimized for use with this system [26].  10mm 
cubes were manufactured with a 195W powered laser, a laser scan speed of 700mm/s and a 
layer thickness of 20μm. Hatch spacing of 100um and a rotation of 67 degrees between layers 
was implemented. After sintering, the parts were annealed for stress relief at 870°C for 1h 
followed by water quenching [46] . The stress relieving step is a manufacturer-recommended 
process for DMLS printed IN625 components and has been seen to result in delta phase 
formation in LPBF IN625, however the level of recrystallization has been reported to be very 
low [47–49]. The fraction of LAGBs seen here is comparable to that found in literature after this 
heat treatment, and the high dislocation density is higher than conventionally processed IN625, 
as expected for the LPBF process [49–52].   
 
Table 4-8. EBF3 processing parameters 









Electron Beam Freeform Fabrication 
A sample of electron beam freeform fabricated (EBF3) IN625 was manufactured at NASA 
LRC, using wire with a diameter of .063” (1.6mm) of standard composition. The parameters 
used for the EBF3 process are listed in Table 1.  
Characterization and Statistical Analysis 
Investigation of the same alloy from varying techniques allows observation of differences in 
elastic strain and dislocation density resulting from differences in solidification. Here, we use 
SEM electron backscatter diffraction (EBSD) data for orientation, elastic strain, and dislocation 
density analysis. EBSD was carried out on a FEI XL30 ESEM equipped with an EDAX DigiView 
camera and a Helios NanoLab DualBeam using an EDAX Velocity camera with 1x1 binning and a 
step size of 1.5µm Kikuchi patterns of each scan were collected for analysis with OpenXY [53].  
Elastic strain calculation was carried out using a method previously described by Small, et al. 
[34] in which Kikuchi patterns which are misoriented from the reference pattern are rotated to 
a similar orientation in a method known as remapping [54]. Additionally, a rotation tolerance is 
implemented when necessary to ensure misorientations of higher than 10° were not affecting 
Beam Focus (µm) 323 
Beam Current (mA) 35 






Bead Spacing (mm) 2.54 




the strain calculation. BJ3DP and EBF3 did not result in high intragranular misorientation, and 
so a rotation tolerance was not used in these cases; DMLS, however, resulted in a maximum 
intragranular misorientation of 25.5° and therefore a rotation tolerance of 10° is implemented. 
Dislocation density analysis was performed using  the Nye tensor lower bound calculation 
described by Leff, Weinberger and Taheri [55] using the lower bound Nye tensor to arrive at 
GND density. These two analyses were observed in tandem for any dislocation substructures 
which may be impacted by the elastic strain present due to thermal gradients. 
Spatial analysis of the strain and GND density values was performed using a Fiji/ImageJ 
plugin MosaicIA [56]. The MosaicIA plugin uses two spatial distributions of objects, here 
binaries of elastic strain and GND density values, to compute probability density functions 
(PDFs) of the nearest neighbor (NN) distances between an elastic strain ‘object’ and a GND 
density ‘object’, while also computing the PDF of a random distribution where elastic strain is 
independently distributed in relation to the observed GND density. To focus on increased 
elastic strain and GND density distribution, binary images were used which include values 
above the 75th percentile found in the strain and GND density maps (Figure 4-4). Because the 
MosaicIA plugin requires binary images, only features which can be characterized as ‘high’ and 
‘low’ are reasonable to include. For example, an analysis of the spatial relationship between 
GND density and orientation would not be reasonable for this method because orientation is 
not a binary characteristic. Other methods have been successful in correlating microstructural 
features and material properties using convolutional neural networks (CNNs) and 2-point 
spatial correlations, while orientation binning has used generalized spherical harmonics (GSH) 




[57–60]Here, we focus exclusively on elastic strain and GND density because of their 
importance in material properties and the lack of understanding surrounding their evolution. A 
Kolmogornov-Smirnov test, which tests the equality of two sample probability distributions, 
was used to determine whether the observed distributions were significantly different to the 
independent distributions, as well as to compare the distributions between AM techniques.  
Results 
The microstructures resulting from each of the three AM techniques are shown using inverse 
pole figure (IPF) maps (Figure 1). Variations in grain structure and size are immediately 
noticeable, with BJ3DP exhibiting a more equiaxed, random microstructure than either EBF3 or 
DMLS. A somewhat elongated grain morphology with wavy GBs is shown to result from EBF3, 
while a more elongated and textured microstructure results from DMLS. BJ3DP results in a grain 
morphology not unlike that of cast or wrought IN625 in which recrystallization has been 
allowed to occur slowly during heat treatment. Indeed, binder jet is the only fabrication 
method investigated here in which FCC recrystallization twins are seen (green boundaries in Fig 
1a). Grain morphology in each AM method varies widely, with the EBF3 microstructure 
displaying wavy boundaries and a wide range of grain sizes and DMLS exhibiting the columnar 
grain morphology commonly seen in AM components. The average grain diameter of the BJ3DP 
sample is 32.8µm, more than 150% of the average horizontal grain diameter in the DMLS and 
EBF3 samples (11.8µm and 19.5µm, respectively). Importantly, each sample proved fully dense 
with porosity being unobserved. The nonindexed areas in the BJ3DP sample, first thought to be 
pores, contain increased chromium and oxygen, most likely Cr2O3 precipitates which have been 




heating and in BJ3DP produced IN625 [7]. Neither DMLS nor EBF3 fabricated samples show 
such precipitates, but contain noticeable intragranular misorientation, shown by color changes 
within single grains. DMLS resulted in the most intragranular misorientation with an average of 
4° from average grain orientation, while binder jet resulted in .36° and EBF3 in .72° variation 
from grain average. Additionally, DMLS was found to have a higher fraction of low angle grain 
boundaries (LAGBs, 2-15°)(18%) than either BJ3DP (3%) or EBF3 (12%) .  
 
Figure 4-31. IPF maps with respect to build direction of a) BJ3DP, b) EBF3, and c) DMLS 
fabricated IN625. Differences in grain structure are immediately observable. Twin boundaries 
are only present after BJ3DP. 
Dislocation densities and associated dislocation substructure was explored using the 
data generated by EBSD. GND density maps and average GND densities were calculated using 
the lower bound Nye tensor in each sample is shown in Figure 2[55]. BJ3DP results in the lowest 
GND density while DMLS fabrication results in the highest, nearly an order of magnitude higher 
than either binder jet or EBF3. With the exception of increased GND density surrounding 




show varied levels of dislocation organization. The inset in figure 2b indicate areas where high 
dislocation density is observed to separate differences in orientation, forming very low angle 
grain boundaries within grains while the inset in figure 2c show regions of intragranular 
misorientation which are not accompanied by such linear organization of dislocations in DMLS, 
though still contain high GND density values. This is not unexpected, as Bertsch, et al. showed 
that dislocation substructures do not always cause intragranular misorientation in laser AM 
316L[35].  
 
Figure 4-32. GND density of a) BJ3DP, b) EBF3, and c) DMLS fabricated IN625. DMLS has highest 
GND density, followed by EBF3 and then BJ3DP. Insets show GND density (left) and IPF 
orientations (right) where regions of intragranular misorientation coincide with regions of high 





Figure 4-33. Effective elastic strain maps of a) BJ3DP, b) EBF3, and c) DMLS fabricated IN625. 
DMLS results in highest elastic strain values by far, followed by EBF3 and then BJ3DP. Inset 
shows strain (left) and GND density (right) in a region where noticeable linear dislocation 
substructures coincide with high levels of elastic strain. Color scales are in units of strain. 
 
Results of elastic strain analysis, performed using the OpenXY cross-correlation 
algorithm [53],  are shown in figure 3. The nature of the cross-correlation technique may result 
in overestimation of apparent strain due to misorientation between compared points, however, 
high misorientation is also an indicator of high GND density. In order to detangle the distortion 
of EBSD patterns from their misorientation, and therefore elastic strain calculation from GND 
density estimation, the elastic strain calculation used here implements a rotation tolerance 
introduced in our previous work in an effort to prohibit misorientation from dominating the 
strain measurement [34]. The reference point for cross-correlation analysis must be chosen 
carefully, as a point which is highly misoriented from its grain or one that is of low image quality 
will give extraneously high strain values which may not be reliable [32]. In this analysis, 
reference points were chosen to be those closest to the average grain orientation in both DMLS 




was chosen for the BJ3DP scan. This is because the point of reference closest to the average 
grain misorientation in the BJ3DP scan is of poor quality in many grains and resulted in high 
apparent strain throughout those regions. Elastic strain in the BJ3DP sample is the lowest, with 
two grains in the scan showing elevated elastic strain of ~.4%. Though variations in crystal 
structure on a local scale make it difficult to predict the level of elastic strain accommodation 
on the microscale, this is within theorized limits for accommodation within the IN625 matrix 
[61,62]. The two grains with increased elastic strain are separated by the largest oxide (48um 
by length) and by one of the only LAGBs in the scan area. The average strain in the EBF3 scan 
was calculated to be twice that of the BJ3DP average, with a minimum elastic strain coinciding 
with one intragranular dislocation dense boundary and maximum elastic strain occurring at the 
other (figure 3b). This discrepancy may be due to the selection of a poor reference pattern in 
one or both of these grains, however an intragranular GND dense LAGB may also be a cause for 
accumulated elastic strain. EBF3, like BJ3DP, does not show a great amount of organized strain 
concentrations, however, there are noticeable preferences for high elastic strain values in each 
case. Elastic strain in BJ3DP is seen to cluster around oxides, particularly oxides which formed 
on grain boundaries, while in EBF3 the elevated strain values are more likely to occur in clouds 





Figure 4-34. PDF of high elastic strain values and their NN distance to high GND density values. 
p-values in legend show significance of observed probability compared to random probability. 
 
DMLS elastic strain results vary greatly from both other methods and have an average 
value greater than twice that of EBF3, with a maximum calculated strain value of .19. Two-
sample t-tests performed pairwise on normalized elastic strain values from all three samples 
found significant difference in mean at a confidence level of 99% (p<.0001). The distribution of 
elastic strain in DMLS appears to have some organization which coincides with GND density, 
shown in the inset in figure 3c where relatively high elastic strain coincides with regions of high 
dislocation density. While the elastic strain content and distribution in DMLS appear to be 
connected to GND density more so than in either EBF3 or BJ3DP, statistical analysis is necessary 
to make reliable quantitative statements.  
A probability density function (PDF), resulting from the MosaicIA plugin of the 




can be said to portray a stronger spatial relationship. Dashed lines show the strength of an 
independent relationship between the two features, calculated using a theoretical square grid 
of objects and measuring NN distances from these to high GND density objects. Solid lines show 
the observed relationship between high elastic strain and GND density, demonstrating the 
increasing strength of spatial relationship with increasing solidification rate. The strength of the 
independent relationship increases as well because high GND density values are less clustered 
throughout the scan in EBF3 and DMLS than in BJ3DP. As shown in figure 4-4, DMLS is nearly 
twice as likely to have a high elastic strain value within 1-4µm of a high GND density value than 
EBF3, and three times more likely than BJ3DP. The p-values in figure 4-4 are the significance 
levels found using a KS test of the observed distributions compared to a random distribution in 
each AM method, showing that each observed distribution is significantly different than an 
independent distribution of elastic strain with respect to that method’s GND density 
distribution. The KS test was used to test the significance of the difference between observed 
distributions in each AM method, finding that each method had a significantly different 
interaction between GND density and elastic strain compared to each of the others (p-values in 
table 4-2). By comparing the observed interaction and the independent distribution, we can 
determine the strength of a proposed relationship between increased elastic strain and GND 





Table 4-9. p-values of pairwise KS tests from 
observed interactions between elastic strain 










 Previous work has hypothesized that the dislocation substructures present in AM 
fabricated alloys form as a response to the microscale elastic strain induced by the complex 
thermal environment of additive techniques[35,38,63]. Our results support this hypothesis and 
show that a faster solidification rate results in dislocation substructures that are spatially 
correlated to elastic strain.  Our previous work observed the elastic strain and dislocation 
substructure content at a 5mm depth of a DMLS build in IN625, finding a more linear 
substructure morphology within grains than seen here.[34] The DMLS results shown here 
combined with these previous findings support the hypothesis that there is microstructural 
evolution occurring throughout an AM build in response to the evolving thermal environment. 
Here, we have used the same method to demonstrate differences between AM techniques with 
highly varying thermal environments, again supporting substructure evolution hypotheses. The 
ability to characterize these two features and their spatial relationship provides a greater 
understanding of solidification mechanisms in extreme thermal environments and provides a 
pathway to predicting their distribution based on the known thermal environment. ML 




in AM have gained attention because of their potential to optimize processing parameters for 
desired mechanical properties [64]. Until now, however, quantified microscale elastic strain and 
its spatial relationship to GND density under varying thermal gradients, have not been available 
data to be included in ML frameworks. 
The comparative grain structures in BJ3DP, EBF3 and DMLS are to be expected from the 
thermal environments present in each AM technique. In BJ3DP, supersolidus liquid phase 
sintering (SLPS) occurs, in which a liquid forms inside the alloyed particle and spreads to particle 
contacts, causing a viscous flow which leads to grain growth during sintering and a grain 
structure similar to casting [17,65–67]. EBF3 and DMLS, however, both involve thermal cycles in 
which the electron beam or laser remelts previously deposited metal layers and causes high 
temperature melt pools in the component which affect grain growth during processing [68]. 
The size of these melt pools varies between the two methods; in EBF3 the melt pool has been 
measured to have a width and depth as high as 3mm in Ti-6Al-4V alloys, while the DMLS melt 
pool in the same alloys was measured to be 150µm wide and 50µm deep [69]. Additionally, the 
temperature in the melt pool varies based on beam or laser power and the speed of translation 
of the laser or the build plate and has been measured to be 2100°C in EBF3 while DMLS melt 
pools have been measured to be between 2000°-4500°C in Ti-6Al-4V [70,71]. The differences in 
thermal environment between EBF3 and DMLS explains the variation in grain size between the 
two techniques. EBF3 has a grain size distribution more similar to BJ3DP than to DMLS (Figure 
5) although it has a smaller fraction of grains larger than 1000µm2 than BJ3DP. DMLS 
meanwhile, has a distribution of grain sizes that differs from each of the others, with most 




indicative of the faster cooling rate found in this AM technique with the parameters used in this 
study.  
 
Figure 4-35. Number fraction of grain sizes resulting from AM methods in IN625. 
 
Although AM is an area of intense study, there is still a need for deeper understanding 
of the solidification mechanisms involved, including the control of stresses and distortion 
produced during building [4,72].  The dislocation density and elastic strain results found here 
suggest that BJ3DP, EBF3 and DMLS have significantly different solidification kinetics. This is 
supported by previous findings; particularly in BJ3DP compared to each of the cyclic thermal 
processes EBF3 and DMLS. The SLPS process present during BJ3DP does not fully melt the 
particles, and thermal stresses are not expected to arise during this AM technique [73]. 
Diffusion in BJ3DP is not suppressed by fast cooling rates, allowing relaxation of elastic strain 
and dislocation movement during sintering. Indeed, the average residual elastic strain level in 
BJ3DP here is .15% and regions of elevated elastic strain as well as the highest GND density 
levels are seen to coincide with the presence of precipitates. Cr2O3 precipitates such as those 




approaching 1300°C [7,74]. The spatial analysis of increased GND density and elastic strain in 
BJ3DP show that, while the observed interaction between the two is significantly different than 
random (p=.003), the observed and random distributions are more similar to each other than in 
EBF3 or DMLS, suggesting that the relation between GND density and elastic strain is the 
weakest in BJ3DP. The presence of a weak interaction between dislocation density and elastic 
strain can be explained by the presence of Cr2O3 precipitates, which are surrounded by 
increased levels of both strain and GND density. However, intragranular regions of increased 
dislocation density do not usually coincide with increased intragranular elastic strain.  
 
Figure 4-36. DMLS observed and random distributions in grains where dislocation substructures 
were observed (orange) vs the entire scan area (black). p-values are significance values of 
observed vs. random distribution of elastic strain in relation to GND density. 
 
 The solidification kinetics in EBF3 have not been widely studied, however this process 
has been shown to lead to fine grained microstructures indicative of rapid solidification 




processing parameters. The wavy grain boundary morphology and the number of LAGBs seen 
here may be a product of the impingement of dendritic fronts in EBF3 components (Supp. 
Figure 4-2) [76,77]. The elastic strain and dislocation density in EBF3 are 2x and 1.5x that found 
in BJ3DP, respectively (by average), as can be expected if EBF3 results in faster solidification 
kinetics than binder jet, although the presence of dendrites and wavy LAGBs suggests that the 
EBF3 parameters used here do not quite result in rapid solidification [78]. In EBF3, the size and 
temperature of the melt pool result in diffusion throughout the pool as well as in the semisolid 
tail which has been measured to be more than 1000°C [70]. Additionally, the electron beam, 
unlike the laser, penetrates the deposited material to create a heat flux vertically in the z-
direction [79]. The strength of the relationship between GND density and elastic strain in EBF3 
(red in figure 4-4) is stronger than that found in BJ3DP and may be explained by the presence of 
elevated elastic strain ‘clouds’ that are found near GBs in EBF3.   
 The elastic strain and dislocation density found here in the DMLS fabricated sample are 
more highly linked than these features in either EBF3 or BJ3DP. Dislocation substructures seen 
here have been seen previously in IN625 and stainless steel fabricated by DMLS [34,37,38]. 
Bertsch et al. recently showed that these structures in laser AM 316L are due to residual strain 
caused by thermal cycles inherent in the process, while Thampy, et al demonstrated correlation 
between residual strain and cooling rate using X-ray diffraction in laser AM Ti-6Al-4V [35,80]. 
These findings emphasize the importance of tracking the evolution of residual strain in laser AM 
techniques, as the organization of dislocations in response to strain has a direct impact on the 
mechanical properties of AM materials. The solidification rate in DMLS is usually between 104-




than the diffusive limit this leads to diffusionless microstructures, trapping elastic strain and 
dislocations in metastable states [81–83]. Indeed, the difference in elastic strain between BJ3DP 
and DMLS demonstrates that at slower cooling rates there is a relatively consistent absence of 
high elastic strain in AM IN625. While this may be an intuitive result, the distribution of elastic 
strain in relation to high dislocation density gives some further insight to solidification kinetics 
during fast solidification. DMLS resulted in the strongest relationship between elevated GND 
density and elastic strain (black in figure 4-4), with the observed relationship being significantly 
stronger than an independently distributed elastic strain with relation to the observed GND 
density (p=1.3e-50). Furthermore, in those grains where intragranular dislocation substructures 
were noticed, the relationship between the two was even stronger (p=1.2e-146) (orange in 
figure 4-6).  
The microstructures and residual stress content in AM materials are known to be highly 
dependent on processing parameters and have been shown to vary across AM alloys. [84] Here, 
we have focused on one alloy, but the parameter dependence of structure and properties 
across AM techniques, including feedstock material, is difficult to account for. Microstructures 
and microscale properties are also location dependent within single AM components due to 
variations in local thermal history [85,86]; therefore the results found here are a first step 
toward quantifying differences in microstructure and spatial distribution of microstructural 
features based on the extremes of the thermal environments present in different AM 
processes. Future investigations on microstructural elemental segregations would further 
outline the mechanisms at work.  Our results provide a framework of microstructural 




evolution during a build, that if used in conjunction with machine learning-assisted processing, 
will aid in the understanding of the effect of thermal environment on AM microstructure and 
assist in development of AM simulations and automated platforms for build optimization. 
Conclusions 
Analysis of resultant microstructures gives indications of the relative solidification 
environments in different AM processes. Using the parameters in this study, DMLS has the 
fastest solidification rate followed by EBF3 and BJ3DP.  
Average GND density and elastic strain generally increase with increasing solidification 
rate, with DMLS containing the overall highest GND density and elastic strain values. Likewise, 
we show that the spatial relationship between GND density and elastic strain is strongest in 
components fabricated in more violent thermal environments, being strongest in DMLS and 
weakest in BJ3DP. These results indicate that a faster solidification rate gives rise to 
organization of or interrupts diffusion of microstructural features. This is supported by previous 
findings on dislocation substructures and residual strain[35] and by the moderate strength of 
relationship in EBF3, the method with an intermediate solidification rate in this study.  
The microstructural analysis shown here furthers the understanding of evolution of 
elastic strain and GND density during AM processes and enables the inclusion of new 
microstructural descriptors: GND density, elastic strain and their spatial relationship, in the 
building of ML frameworks such as those described by Ling et al[60], which are capable of 
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 Chapter 5. Microstructural evolution in single track L-PBF Inconel 625 
Introduction 
 Laser-powder bed fusion (L-PBF) is an additive manufacturing (AM) technique that has 
gained popularity in recent years due to its potential for fast, low-waste manufacturing of 
complex components with narrow geometric tolerances. Due to the rapid solidification (RS) 
level cooling rates inherent in laser processes, the microstructures of metal alloys fabricated 
using this technique contain high residual stresses and non-equilibrium microstructures [1,2]. 
Epitaxial grain growth, where grain orientation is taken from the orientation in the previous 
layer, is often seen in AM metals as well as high intragranular misorientation and dislocation 
cell structures [1,3–5]. Mechanical properties of AM alloys are often unpredictable due to the 
variation in microstructure depending on processing parameters. However, improved 
mechanical properties in AM components can be attributed to the unique structures and, 
specifically, the dislocation cells which are produced by these methods [6]. The non-equilibrium 
nature of the cells means that they are not permanent features and will recrystallize in certain 
conditions.  Indeed, Ghiaasiaan, et al. found that heat treatment of as-printed Hastelloy X 
resulted in the removal of dislocation cell structures and a corresponding decrease in yield 
strength [7]. While solidification cell structures may be advantageous for mechanical 
properties, the manipulation of these features has not yet been perfected.  
AM carries the potential to result in new microstructure and property combinations that 
can be beneficial, therefore a deeper understanding of the evolution and kinetics of 




dense cell walls have been heavily investigated in laser AM steels, and to a lesser extent in Ni 
superalloys. De Terris et al. reported that the volumetric energy density (VED) affects the GND 
density and recrystallization in L-PBF Inconel 625 (IN625) giving a simple relation for estimation 
of the cooling rate based on the size of dislocation cells [8]. Using crystal plasticity and phase 
field models, Pinomaa et al. found that the cell diameter and orientation has a direct effect on 
the strength of selective laser melted (SLM) 316L and that cell size is more sensitive to cooling 
rate than to thermal gradient [9]. Bertsch, et al. demonstrated that dislocation cell structures 
are more prevalent in 3D builds, compared to 2D or 1D, in direct energy deposited (DED) steel, 
a result that suggests that the residual strain caused by increased constraints in higher 
dimension builds is crucial to the formation of cell structures in stainless steel 316L [3].  
The presence of residual stress and strain in AM components has been well documented 
and is thought to be a result of thermal contraction during solidification [10–12]. The 
premature failure of a component cannot always be avoided by post processing, creating yet 
another motivation towards full understanding and control of the AM process at the 
microscale. Characterization of microscale elastic strain has been demonstrated in our previous 
works where increased temperature gradients and cooling rates resulted in higher levels of 
strain as well as increased spatial correlation with dislocation density [4,13]. Simulation of 
residual stress in AM components has been reported on grain and bulk scales, such as in [14] 
where Machirori et al. demonstrate the dependence of residual stress on scanning strategy in L-
PBF Ti-6Al-4V. However, the prediction of this feature on the microscale may improve the 
understanding of microstructural evolution during laser processing. Our characterization of 




important aspect which could affect the bulk mechanical properties such as in medium-Mn 
alloys, where a homogeneous microstrain distribution was reported to increase tensile strength 
[15].   
Due to the unique events during AM including cyclic remelting and exposure to high 
temperatures, the microstructure of AM components is dependent on location and thermal 
history. For example, recent kinetic Monte Carlo simulations by Rodgers et al. have 
demonstrated that there is a correlation between columnar grain sizes and the number of 
melting cycles experienced during a build [16]. Similarly, the grain and dendrite morphology has 
been found to differ both experimentally and in simulations based on the location within the 
build [17,18]. In finite element modeling (FEM) simulations of L-PBF Ti-6Al-4V, grain scale 
residual stresses have been reported to decrease in layers with more remelting cycles due to 
local reheating – however the extent of relaxation varied and was highly temperature 
dependent [14]. Here, characterization of the dislocation density and microscale elastic strain at 
the surface and 5mm depth of the same component support these simulations, demonstrating 
changes in microstructure that can result from a single build and that are attributed to 
differences in number of remelting cycles and relative time at elevated temperature.  
The location dependence of microstructural evolution in L-PBF provides motivation for 
further study of the effect of temperature gradient and cooling rate on microstructural 
evolution during laser AM. The use of 3D builds can give some understanding of how thermal 
environment can shape the microstructure, but in order to have concrete understanding of 
solidification mechanisms in the melt pool, it is necessary to use simple geometries without the 




previously to analyze the effects of processing parameter on melt pool shape and resulting 
mechanical and microstructural properties. The conditions for keyhole mode melting and the 
energy density range for formation of stable tracks have both been reported using single track 
experiments [19,20]. The ratio between the temperature gradient, G, and the cooling rate, R, at 
the solid liquid interface is known to affect the solidification regime within the melt pool of 
single track selective laser melted (SLM) 316L, where high G/R results in planar, low G/R in 
dendritic and moderate G/R in cellular solidification [21]. Similarly, simulations of single tracks 
have shed light on crystallography and grain development during laser AM, demonstrating β 
grain structure and α phase formation as a function of laser power and scanning speed in the 
evolution of the two-phase Ti-6Al-4V during L-PBF [22]. Gerstgrasser, et al. used cellular 
automata (CA) simulations combined with experimental single track experiments to 
demonstrate the dependence of melt pool geometry on energy density, while Lindroos et al. 
used crystal plasticity models of H13 tool steel to report martensitic phase transformation and 
grain level residual strains in single track L-PBF [23,24]. Although single track studies have been 
performed to shed light on microstructural development during laser AM, the development and 
kinetics of dislocation cells and, especially, subgrain scale elastic strain has not been sufficiently 
researched. 
The aims of this study are to define the spatiotemporal variation of microstructure and 
temperature in tandem through a combination of experimental and simulation techniques and 
to define the distribution of microscale elastic strain in different thermal environments. Using 
HR-EBSD characterization we demonstrate the morphology and orientation variations at 




fidelity computational fluid dynamics (CFD) model. Cross-correlation and Nye tensor analysis 
enable calculation and spatial analysis of subgrain elastic strain and dislocation density while 
transmission electron microscopy (TEM) provides high resolution observation of these features. 
Discrete dislocation dynamics (DDD) modeling is used to provide further insight into the 
formation of dislocation cells as a function of temperature and stress during the laser AM 
process. Using these methods we demonstrate that the average microscale strain levels 
increase under higher temperature gradients and faster cooling rates, as does the spatial 
correlation between elastic strain and dislocation density. We also observe the decreased 
organization of dislocations, and increased dislocation density, nearer to the end of the track 
where thermal gradient and cooling rate are higher, suggesting dislocation movement is cut 
short. DDD simulations mimic this result using grain level von Mises stress as an input, 
suggesting that increased strain drives dislocation organization into cells.  
Methods and Materials 
Inconel 625 was chosen as the material of interest in this study due to its usefulness in 
many industries and its ability to be used in L-PBF, as well as its having well-known material 
constants for use in modelling and simulation environments.  
Laser-Powder Bed Fabrication 
An EOS M270 system was used to fabricated 10mmx10mmx10mm cubes of IN625 using a 
laser power of 195W, a laser speed of 700mm/s and a layer thickness of 20µm. A stress 
relieving step of 870°C for 1 hour was applied to this sample, which is a manufacturer-




Characterization of a 3D part at the surface and at 5mmdepth demonstrate the necessity of 
characterization of simplified geometries, which are absent of remelting or overlapping laser 
tracks. These samples were characterized fully in our previous works [4,13].  
An L-PBF single track of IN625 powder was melted at AFRL as part of the MIDAS AM contest 
using an EOS M280 L-PBF system. The 20mm long track was melted on an AM printed IN625 
block with a 3mm thick ‘topskin’ layer and commercially available, gas atomized IN625 powder. 
Parameters include laser power of 241W, laser speed of 1529mm/s, spot size of .1mm and a 
layer thickness of 40um. The relatively low volumetric energy density (VED) using these 
parameters results in a melt pool which does not penetrate deeply into the build plate. Error! R
eference source not found. is a schematic of the resulting sample showing where cross-
sections at different X coordinates were polished for EBSD characterization, as well as an 





Figure 5-37.Top: Schematic of L-PBF single track of IN625 showing locations of representative 
cross-sections. Bottom: SEM image of cross-section of L-PBF single track showing reference 
coordinate system 
Characterization and Statistical Analysis 
  All EBSD surfaces were manually sectioned and prepared for characterization by 
manual polishing to 1 µm using diamond suspension followed by silica. The 10mm cube was cut 
in half and the top surface (<100um deep) and half-depth (5mm deep, figure 5-2) while cross-
sections of the single track sample were prepared in ten locations (Table 5-10). All ten locations 
were characterized and included in statistical analysis, while two representative locations (E 
and J) were chosen for demonstration of microstructural features. Characterized cross-sections 
were chosen in clusters at locations roughly halfway, three-quarters, and as near to the end as 
possible in an effort to capture distinct thermal environments and their effects on 




SEM high resolution electron backscatter diffraction (HR-EBSD) was used for orientation, 
elastic strain, and dislocation density analysis. EBSD was carried out on a FEI XL30 ESEM 
equipped with an EDAX DigiView camera and a Helios NanoLab DualBeam using an EDAX 
Velocity camera with 1x1 binning. Kikuchi patterns of each scan were collected for cross-
correlation calculation of elastic strain with OpenXY [28].  
The Ga+ focused ion beam (FIB) on the Helios NanoLab DualBeam was used to lift out 
and polish TEM samples from the same regions analyzed by SEM in samples E and H (figure 5-3) 
for TEM data collection, allowing the cross-sections of dislocation structures seen in SEM. TEM 
data was obtained with a Thermofisher Spectra 300kV fitted with an X-CFEG cold field emission 
source, panther STEM detection system, Super-X symmetrical quad-crystal EDS system and 5th 
order corrected S-corr Cs probe corrector. The system also has an EMPAD (Electron Microscope 
Pixel Array Detector) fitted for the acquisition of 4D STEM data. The cell diameter, thickness of 
cell walls, and the accompanying elemental microsegregation was measured to inform theories 
of solidification kinetics during laser processing. 
Dislocation density analysis was performed on EBSD and TEM-PED acquired data using 
the Nye tensor lower bound calculation described by Leff et al. [29]. It should be noted that this 
method results in increased accuracy of dislocation density with improved spatial resolution of 
the characterization method; as the length scale of dislocation spacing is approached, 
information regarding all dislocations begins to be accessible. However, with the relatively poor 
spatial resolution of EBSD, the dislocation density is calculated using curvature in the 




data will therefore result in increased dislocation density, since the improved spatial resolution 
of TEM allows a higher fraction of dislocations to be counted. 
Table 5-10. Locations of analyzed cross-sections for statistical analysis. Representative cross-
sections for demonstration are in red. 
Sample Distance 











 Elastic strain and dislocation density at each cross-section of the single track analyzed by 
EBSD were observed in tandem to note dislocation cells and strain concentrations which may 
impact one another during L-PBF processing. The spatial correlation between high dislocation 
density and high elastic strain was quantified using the MosaicIA Fiji/ImageJ plugin [30]. This 
method was used previously to determine increased spatial relationship between high elastic 
strain and GND density in IN625 fabricated by three different AM techniques, where laser 
processing demonstrated a significantly increased relationship between the two features [13]. 
Analysis of a single sample at different locations in the build by this technique may improve 
understanding between thermal environment and existing cell structures or elastic strain 




Simulations and Computational Techniques 
A high-fidelity computational fluid dynamics model, FLOW-3D, was used to obtain fluid 
motion and temperature profiles at locations halfway through and 300um away from the end of 
the track. Briefly, the model numerically solves coupled mass, energy and momentum 
conservation equations, and tracks the fluid surface via Volume of Fluid Advection with the split 
Lagrangian method; details of the equations used in this method can be found in [31–33] . 
Physical properties for Inconel 625 were used (Table 5-2) with all properties (e.g., density, 
thermal diffusivity, surface tension) as temperature-dependent. The heat input, assuming a 
Gaussian distribution, is modeled as vertical rays that undergo partial absorption and reflect until 
the ray flux is <5% of its initial value [19,34]. 
The 3-D computational domain consisted of a powder layer (5,520 µm in length, 100 µm 
in width, 120 µm in height,), on top of a substrate/previous build layers (5,520 µm x 708 µm x 
360 µm). A 6 µm grid spacing was used in the substrate region where the material underwent a 
phase transformation from solid-to-liquid, a 12 µm grid spacing was used in the un-melted 
regions, a 3 µm grid spacing was used in the powder region to capture partial particle melting, 
and a 1 µm grid spacing was used in two small regions (~20x20x50 µm3) where experimental 
analysis was performed. Due to computational constraints, and preliminary simulations which 
suggest the thermal profile in the single track does not change significantly until approximately 
300 µm away from the end of the track, a single laser track of only 1mm long was modelled. The 
simulations took ~168 hours of CPU clock time, using a workstation with an Intel(R) Core(TM) i9-





Table 5-11. Thermo-physical properties of IN625 in this study 
Property Value Temperature Range [K] 
Melting Point [K] 
Solidus 1577.15 
Liquidus 1689.15 
Enthalpy of Fusion [J/g] 260 - 
Enthalpy of Vaporization [J/g] 7340 - 
Density [g/cm3] 
8.19 – 3.62x10-4 *(Tempature-298K) 298-1577.15 
7.727 – 2.9x10-3 *(Tempature-1577.15K) 1577.15-1689.15 
7.4 –1.5x10-4 *(Tempature-1689.15K) 1689.15-3000 
Specific heat [J/g/K] 
0.435 + 1.45x10-4 *(Tempature-298K) 298-1577.15 
0.62 + 9.0x10-4 *(Tempature-1689.15K) 1577.15-1689.15 
0.72 1689.15-3000 
Thermal conductivity [W/cm/K] 
0.089 + 1.3x10-4 *(Tempature-298K) 298-1577.15 
0.258 + 3.4x10-4 *(Tempature-1743K) 1577.15-1689.15 
0.296 1689.15-3000 
Surface tension [g/s2] 1970-0.34 *(Tempature-1743.15K) 1689.15-3000 
Viscosity [g/cm/s] 0.072-1.15x10-4 *(Temperature-1689.15K) 1689.15-3000 
Saturation Pressure [Pa] 1.013x105 - 
Absorption coefficient 0.55 298-3000 
 
Three dimensional (3D) Discrete dislocation dynamics (DDD) simulations were 
performed using an in-house modified version of the 3D DDD open-source code ParaDiS [35,36] 
to provide a mechanistic view of the evolution of dislocation ensembles under L-PBF processing 
conditions. To model dislocation plasticity in L-PBF IN625, additional aspects must be 
considered in 3D DDD: (i) The temperature and stress profiles originating from the thermo-
mechanical stresses in laser processing, and (ii) a physically meaningful representation of the 
dislocation mobility and interaction in the chemical environment of IN625 involving solute 
microsegregation. 
To obtain the temperature and stress profiles during an L-PBF single track of IN625, we 
performed 3D thermo-mechanical FEM simulations using the commercial FEM suite ABAQUS in 




along the laser scanning direction on a length of 6mm with the velocity equivalent to the 
experiment. The intensity and size of the heat flux in the FEM simulation was adjusted such that 
the resulting melt pool size and shape is sufficiently equivalent to the experiments and CFD 
simulations. Further, in the interest of simplicity we assume an isotropic elastic-perfectly plastic 
material model with temperature-dependent thermal and mechanical material parameters 
[37].  
The stresses and temperature profile obtained from the FEM simulation serves as an 
input to the DDD simulation, Furthermore, to account for the stress induced by alloying atoms 
on the dislocations as they glide in the crystal lattice, we utilize the model developed by 
[38,39]. In this model, the critical resolved shear stress (CRSS) for a dislocation segment is 
derived from the elastic interaction between the solutes and a dislocation segment which can 
be quantified by an energy barrier Δ𝐸𝑏 which the dislocation must overcome after reaching the 
related zero-temperature strength 𝜏𝑐
0 [38]. By accounting for thermal activation, the CRSS of 
the dislocation can be described as [40] 






























which is separated into a medium (0.2 <
𝜏𝑐
𝜏𝑐
0 < 0.5) and a high temperature regime (
𝜏𝑐
𝜏𝑐
0 < 0.03), 
between which we interpolate using a Gaussian cumulative distribution function of the normal 
distribution. Further, 𝑇 is the temperature, 𝑘 is Boltzmann’s constant, 𝜀̇ is an experimental 
strain rate and 𝜀0̇ is a reference strain rate [38]. For the energy barrier Δ𝐸𝑏 and the zero-
temperature strength 𝜏𝑐




elastic parameters, the solute concentration, 𝑐𝑖, and the average misfit volume, Δ?̅?𝑖 = 𝑉𝑖 − ?̅?, 
of the individual solute, 𝑖, which compares the individual atomic volume, 𝑉𝑖, to the average 
atomic volume, ?̅? = ∑ 𝑐𝑖𝑖 𝑉𝑖. The elastic parameters are the same as for the FEM simulation and 
the individual atomic volumes are given in Error! Reference source not found.. 
All DDD simulations incorporate a microsegregation of Molybdenum (Mo) and Niobium 
(Nb) in cell walls with a chemical composition given in 5-3. The microsegregation was modeled 
as a step-wise transition between cell wall and cell interior using a cell wall thickness of 200nm. 
In all DDD simulations, the cell walls are oriented parallel to the [100] and [010] plane with 
800nm spacing, leading to cells elongated in [001] crystal direction. We assume that this 
chemical segregation is formed during solidification and is maintained during cool-down. We 
use a simulation volume of 53μm3 with an initial dislocation density of ≈ 1012m−2. 
Table 5-12. Chemical composition in the solidification cell walls and cell interior from [41,42], 
atomic radii ri from [43], and the atomic volume Vi = ai3/4 with the lattice constant, 𝑎𝑖 =
(4𝑟𝑖)/√2, for the different elements used in the current study.  
 Mo Fe Ni Cr Nb 
Composition 
cell walls (%) 




7 5.2 63 22.2 2 
Atomic radius 
(nm) 
0.13626 0.12412 0.12459 0.12491 0.14290 
Atomic 
volume (nm3) 







 Figure 5-2 demonstrates the microstructural evolution occurring during L-PBF 
processing by showing the inverse pole figure (IPF), elastic strain and GND density maps at 
different depths of the same 3D sample. In addition to the grain boundary (GB) character 
changing from the surface to the center of the material, the average elastic strain and GND 
density values both decrease, suggesting some level of recrystallization taking place with 
increased exposure to remelting and the HAZ. The elastic strain near the surface of the sample 
exceeds 1%, which is beyond the reported plasticity limit for Ni superalloys [44,45]. It has 
previously been reported that laser processing of metals can result in microstrains which 
exceed the yield limit for the material without inducing structural plastic collapse  [46,47], 
however these regions of increased strains could also be a result of reference patterns chosen 
by the OpenXY algorithm was of low image quality or was not near the average grain 
orientation. These results demonstrate the non-equilibrium nature of laser AM microstructures 
that evolve during processing and can remain in a finished component until post-processing. 
 Figure 5-3 shows two full cross sections at locations halfway through the single track 
(4850um from end, sample E) and 300um from the end of the track (sample H). The difference 
in the shape of the melt pool is immediately noticeable, with the end location showing a non-
melted particle fused to the melted powder. The overall grain morphology showing epitaxial 





Figure 5-38. IPF, elastic strain and GND density at the surface of a bulk L-PBF IN625 sample (top) 
and at 5mm depth of the same part (bottom) demonstrating changes in microstructure during 
processing 
 
Figure 5-4 shows the IPF map, GND density distribution, and calculated elastic strain 
map of the inset regions of Figure 5-3 characterized using HR-EBSD. In the IPF maps, 
intragranular misorientation is observable based on slight variations in color, where sample E 
shows slightly higher misorientation than sample H (maxima of 8.4 and 4.8 degrees, 
respectively). The average GND density shown in Figure 5-4 differs between locations by 
approximately 1e15 m-2 (3.2e15 in sample H and 2.9e15 is sample E). The average calculated 




noticeable in the GND density and strain maps is the change in morphology of the dislocation 
cells and the arrangement of elastic strain in relation to the cell walls; in sample E, the GND 
dense walls are discrete and the interiors contain relatively low GND density. Similarly at this 
location the elastic strain is largely contained in the cell walls, perhaps indicating the cross-
correlation is picking up on long-range strain fields arising from high dislocation density. In 
sample H, the dislocation cell walls are able to be visualized, however they are more diffuse and 
indeed the maximum dislocation density in this location (3.1e16 m-2) is half of the maximum 
density in sample E (6.6e16 m-2). The elastic strain is also less organized and more likely to be 
distributed within the cell interior. The orientation of similar dislocation cells in stainless steel 
and other Ni alloys has been reported to align with the [100] orientation [1,3]. Figure 5-4b 
echoes these findings, showing the long axis of the cells aligning well with the shown <100> 
direction; in Figure 5-4e the orientation of the cells is less clear due to their diffusive nature, 
however a small change in the oberved orientation may not result in a measurable shape 





Figure 5-39. IPF maps of full cross sections a) 4850 µm and b) 300 µm from the end of the 
melted track. Black insets show regions which contained dislocation cells where HR-EBSD GND 
density and strain analysis were performed, white lines show the locations of TEM liftouts. 
 
Figure 5-40. IPF, GND density and elastic strain maps from (a-c) sample E (4850um from the end 





Ten locations were characterized using HR-EBSD for quantitative and statistical analysis 
of microstructural features. The average calculated elastic strain in most samples is 
approximately 1%, while near the end of the track the average strain leaps up to 3%, again 
exceeding the elastic limit for IN625. Spatial interaction analysis was carried out on the high 
GND density and high elastic strain values using MosaicIA, where the strength of a random, 
independent relationship between two features is defined as zero [30]. In figure 5-5, the 
strength of the relationship is highest at 300µm from the end of the single track (sample H) and 
tends to decrease with increasing distance from the end of the track. In this analysis, values of 
strain between .78 and 1% were used as the high values to eliminate phantom high strains 
which may be caused by low quality Kikuchi patterns.  
 
 
Figure 5-41. (left) Average GND density and elastic strain with distance from end of track and 






 TEM results of samples E and H are shown in Figure 5-6. The average cell diameter in 
location E is 600nm, with cell walls that are a bit wider than typical grain boundaries, about 20-
30nm. Figure 5-6 shows a representative cell in sample E, including microsegregation of Nb to 
the cell walls. The average cell diameter in sample H is 362nm, with cell walls that are thicker 
than those at location E, reaching up to 60nm with an average approximately 30nm wide. A 
higher number of dislocations are seen in the cell interior in sample E, similar to what was seen 
using HR-EBSD.  
 
Figure 5-42. Top: Representative dislocation cell in sample E, halfway through L-PBF single track 
IN625, Bottom: Representative cell in sample H near the end of the single track 
 
CFD Thermal Simulations 
 Figure 5-7 shows the relative thermal environments simulated by the CFD model of 
powder-bed IN625. Because the temperature exceeds the melting point of the material, the 




discontinuous temperatures changes when neighboring pixels drop to room temperature 
(293K). During processing, the point closest to the end of the track is seen to reach the highest 
temperature in addition to reaching the highest cooling rate. However, the highest cooling rate 
here (2.8e8K/s) is seen to be during an abrupt return to room temperature by the flowing of 
molten metal out of the simulation frame (Figure 5-7). Even so, the peak cooling rate reached 
near the end of the simulated track when the metal cools down enough to stop flowing out of 
the simulation frame is nearly an order of magnitude higher than the cooling rate reached in 
the middle of the track (2.1e7 K/s and 4.2e6 K/s, respectively). This decreased cooling rate 
results in an increased time at elevated temperature hallway through the track (circle in figure 
5-7), which allows a brief window for increased evolution of cell structures.  
Figure 5-8 shows the spatial thermal gradient at the moment of peak cooling rate at 
each location in the CFD simulation. At halfway through the track (X=500µm) the highest 
thermal gradient during cooling is at a later time point than at X=700µm, as can be seen in the 
graph in figure 5-7 and in figure 5-8. Additionally, the thermal gradient at maximum cooling rate 





Figure 5-43. Temperature (top) and cooling rate (bottom) of different locations in the CFD 
simulation. Insets are temperature and cooling rate. The circled region in the temperature 







Figure 5-44. Temperature maps from 1 micron resolution CFD simulation of regions of interest 
captured by HR-EBSD showing difference in thermal gradient at (top) X = 500um and (bottom) X 
= 300um from end of track  
 
Table 5-13. Thermal data from CFD simulation of IN625 single track 




Time at Max. 
Cooling Rate (ms) 
500 1516.0 4.3e6 3852.5 .63 




 Discrete dislocation dynamics (DDD) simulations at x=500µm and x=700µm were 
performed to observe the predicted dislocation behavior during the single-track modeled by 
CFD simulation. Figure 5-9 shows the difference in dislocation arrangement at each location, 
where at x=500µm the dislocations are organized into previously reported cell structures and 
are elongated in the [001] direction. At x=700µm, however, the dislocations are more loosely 




TEM. The DDD model shows dislocation movement in a volume, figure 5-9 shows 2D 
representations of the full simulated volume, while figure 5-10 shows slices of the volume, 
giving a better comparison to TEM results. Figure 5-10 demonstrates the decrease in GND 
density near the center of the track, and the lack of organization close to the end of the track 
which, in the DDD simulation, is a result of higher stress near the end of the track than in the 
center at the same temperature.   
 
Figure 5-45. (left) 3D representation of DDD simulation and (right) 2D side views showing 







Figure 46. (left) Slice of volumetric DDD simulation from center of track, and (right) slice of 
volumetric DDD simulation from end of track 
 
Discussion 
 The presence of cell structures has been well documented in AM microstructures, but 
their non-equilibrium nature has made their origins and properties difficult to characterize. 
Here, HR-EBSD has shown that the formation of dislocation cells is tied to the thermal 
environment and strain state of the surrounding microstructure. This supports the results 
shown by Bertsch et al. [3] that showed decreased dislocation density in cell walls in 1D builds 
of laser AM 316L. The single track in this study could also be considered a 1D build, however 
the single track in [3] was built with the long axis in the Z-direction, while our long axis was in 
the X-direction, meaning the 1D build here included the constraints of the build plate, 
presumably resulting in higher strains than in a Z-direction 1D build. Here, the resulting elastic 
strain is shown to vary depending on location (and therefore on thermal environment) within 
the build. In location E, the average elastic strain is around 1%, which has been reported as the 




stresses which exceed the yield strength of a material (i.e. hot spots) do not necessarily induce 
mechanical failure, but may drive microstructural deformation during the cyclic thermal 
processes of laser AM, in addition to being more vulnerable to mechanical attack [48]. The ‘hot 
spots’ of high elastic strain in sample H are localized within the cell structures, while in sample E 
the elastic strain has not only relaxed, but the highest levels of strain have been largely isolated 
to the cell walls with the dislocations. The evolution of strain distribution suggests that the 
small amount of microstructural evolution which is allowed to occur over the time scale of 
solidification in location E may be driven by, and eventually relax, much of the microscale 
elastic strain initially present during solidification; in location H, where there is a shorter time 
scale of solidification, the microstructure is not allowed to evolve to the same extent.  
Planar, dendritic and cellular solidification have all been reported in laser AM depending on 
the ratio between thermal gradient, G, and cooling rate, R [9,49]. In 2D phase field models, 
Pinomaa et al. predicted that at high solidification velocities and thermal gradients of 106-
107K/m, planar solidification will prevail, and a microstructure of uniform composition will 
occur. However, at intermediate solidification velocities (.012-.06m/s) and high thermal 
gradients (105-107K/m) cellular solidification and elemental segregation to the cell walls occurs. 
Additionally, the cell spacing can be used to estimate the cooling rate and solidification velocity, 
although the cell spacing is not consistent at intermediate thermal gradients below 106K/m [9]. 
The cell structures present in HR-EBSD and TEM analysis demonstrate similar diameters and 
levels of elemental microsegregation, but with varying widths of cell walls. During cellular 
solidification elemental segregation is not dependent on diffusion during solidification, so the 




the thermal gradient and cooling rate at each location (Figure 5-6). The thermal gradient in this 
sample is not found to be high enough to result in planar solidification and therefore the Nb 
inclusions at the cell wall are to be expected. The level of Mo segregation was not seen to be as 
high here as in other laser processed Ni superalloys, but the level of Nb segregation and the 
presence of Nb heavy intermetallics along cell boundaries agree with simulations of cellular 
solidification during single track laser processing [5,9]. 
Dislocation cell boundary width was shown using TEM to increase at higher thermal 
gradients, resulting in a more diffuse organization of dislocations seen in HR-EBSD. The diffusive 
nature of the cell walls in sample G demonstrates that the cooling rate was too fast to allow for 
fully discrete cell walls to form, while the thinner cell walls in sample B+++ suggest a slightly 
slower cooling rate, allowing a greater degree of dislocation arrangement. The experimental 
results shown here demonstrate evolution of the non-equilibrium structures commonly seen in 
laser processed alloys. In location E, where the thermal gradient and cooling rate are relatively 
low compared to location G, the elastic strain is highly localized to the cell boundaries where 
dislocation density is also increased. However, in location G the high elastic strain is largely 
contained within diffuse dislocation structures. The TEM images mimic these differences in 
dislocation organization – showing more dislocations within cells in location G than in location 
E. The combined results of HR-EBSD, TEM and thermal gradient show that the increased time at 
elevated temperature in location E enables increased microstructural evolution, including strain 
relaxation and dislocation movement. This slower solidification rate enables the development 
of non-equilibrium cell structures, where increased strain and dislocation density are localized 




by the laser, when given time and elevated temperature, relaxes and drives dislocation 
movement to cell boundaries, where elemental segregation has occurred (Figure 5-11). 
 
Figure 5-47. Evolution of non-equilibrium cells during L-PBF of IN625. High strain within diffuse 
cells drives dislocation movement toward walls with increased Nb content 
 
 Spatial analysis using MosaicIA resulted in a non-random spatial relationship between 
elastic strain and GND density in all locations analyzed by HR-EBSD. As proximity to the end of 
the track increased, the relationship between these two features increased as well. Dislocation 
density (HR-EBSD) does not significantly change throughout the build, however the organization 
of dislocations does. Elastic strain (HR-EBSD) increases significantly at relatively high thermal 
gradients and increased cooling rates. The strength of relationship between elastic strain and 
dislocation density increases with proximity to the end of the track and the elevated level of 




strain and dislocations, when they are solidified relatively quickly, are ‘frozen’ near each other, 
neither has the time to move and so these are ‘metastable’ microstructures.  
Due to computational constraints, and preliminary simulations which suggest the thermal 
profile in the single track does not change significantly until approximately 300um away from 
the end of the track, a single track of only 1mm long was modelled. The thermal environment 
defined by our CFD simulation is well withing the range of rapid solidification (RS) and the 
regime for cellular solidification under steep thermal gradients. In other thermal simulations of 
laser AM IN718, the thermal gradient has been reported to reach between 8,000-13,000 K/mm, 
while the solid can reach a thermal gradient of 7,000-12,000 K/mm after the laser has passed 
[47]. The difference in thermal gradient here can be attributed to the processing parameter of 
the laser, which resulted in relatively low volumetric energy density (VED) due to the speed of 
laser tracking.  
Results from the DDD simulation mimic our experimental results when Nb and Mo 
segregation occurs as defined by [41,42]. The inputs of the DDD model are temperature and 
stress (from an FEM model of the laser track), showing that the level of stress within the melt 
pool does affect the level of dislocation organization. The level of Mo segregation was not seen 
to be as high here as in other laser processed Ni superalloys, but the level of Nb segregation 
and the presence of Nb heavy intermetallics along cell boundaries agree with simulations of 





o Peak temperatures and cooling rates differ by location and effect stress state 
and evolution of dislocation cells 
o Using thermal modeling combined with characterization, we have shown that 
the evolution of dislocation structures is dependent on increased time above 
elevated temperature (dislocations near the end of the track which solidified 
more quickly have less organization than those in the center of the track) 
o Elastic strain characterization has also showed that increased elastic strain 
occurs under higher thermal gradients and faster cooling rates, as well as 
heterogeneous elastic strain distributions.  
o Slower solidification rate results in dislocation movement driven by elastic strain 
within solidification cells, creating non-equilibrium dislocation dense structures 
where strain is localized at cell boundaries 
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Chapter 6. Conclusions 
Using a combination of electron microscopy, statistical analysis and computer 
simulation, this thesis aimed to address each of these gaps in understanding of laser processing 
microstructures:  
1. The use of lasers for direct part marking (DPM) is common in medicine and 
transportation, but there is not sufficient research to determine whether these 
markings effect the microstructure or mechanical properties of a component.  
2. Residual stress is a known drawback of AM techniques, and type III strains are 
important for the material properties of a system. However, the microstructure of 
AM techniques results in high intragranular misorientation and leads to unreliable 
measurement of this feature using HR-EBSD cross-correlation.  
3. AM techniques vary widely in raw material and in processing parameters, giving rise 
to microstructures that are unique to each individual method. The relative type III 
strains and dislocation densities, as well as other microstructural features including 
misorientation and cell structures, have not been explicitly tied to the relative 
thermal environments across different techniques. There is currently no statistical 
description of the relationship between microstructural features resulting from 
different thermal environments in AM. 
4. The thermal environment during laser processing, including AM, varies based on 
location giving rise to anisotropic microstructures and strain distributions. The 
evolution of dislocation structures and elastic strain has not been linked to the 




Fatigue testing was performed on laser engraved P/M FC-0208 to demonstrate the 
effects of surface laser processes on bulk fatigue life. Laser engraved samples resulted in a 50% 
decrease in fatigue life under high cycle fatigue, and a significantly decreased life in low cycle 
fatigue. FC-0208 was laser engraved using two different sets of parameters, specifically, the 
number of laser passes varied between light engraving (LE, one laser pass) and deep engraving 
(DE, five laser passes), to determine whether DPM could be optimized to result in visible 
marking without the altered surface microstructure. It was found that the extent of laser 
processing impacted the presence of martensite at the surface, providing guidance for DPM 
and laser processing for precision microstructural modification. This shows that the number of 
laser passes can be chosen in order to use surface laser processing for local microstructural 
modification of for DPM without altering the microstructure.   
The presence of high intragranular misorientation in laser processes materials lead to 
high levels of phantom strain during HR-EBSD cross-correlation. In order to optimize this 
method of strain characterization for complex materials, a rotation tolerance was added to the 
open source software OpenXY [1]. This rotation tolerance enables the measurement of elastic 
strain in metals with high intragranular misorientation and allows the description of 
microstructure under varying thermal environments when combined with computer simulation 
and dislocation density calculation. The resulting cross-correlation algorithm can now be 
applied to laser processed materials for calculation of elastic strain.  
While it is known that different methods of AM lead to characteristic microstructures, 
the relative levels of microscale strain and dislocation density had not been reported. In this 




relative levels of elastic strain and dislocation density to be measured. Additionally, the 
description of spatial distribution was quantified in varying thermal environments, with L-PBF 
showing a high spatial relationship between elastic strain and dislocation density, while 
decreasing temperatures and cooling rates resulted in significantly decreased spatial 
relationship between the two. Defining the spatial relationship of these difficult-to-characterize 
features will enable future microstructural descriptors to be used in predictive simulations and 
ML algorithms.  
The dislocation cells and elastic strains typical of laser processed and laser AM metals 
have been widely reported. Despite this, their development is not well understood and so the 
manipulation of these features for bulk properties cannot be usefully implemented. Using 
thermal simulations, DDD modeling and elastic strain and dislocation density measurement, 
this thesis demonstrated in-process evolution of dislocation cells as well as elastic strain levels 
and organization. The change from heterogeneous to homogeneous distribution of elastic 
strain under high and low thermal gradients, respectively, suggest that elastic strain is a key 
driver of cell formation during laser processing.   
The characterization methods outlined in this research provide a path for the full 
characterization of laser processed and laser AM alloys. Future work on predicting AM 
microstructures can benefit from the statistical analysis combined with characterization in AM, 
providing microstructural descriptors for AM components which will be useful in development 
of machine learning (ML) algorithms. Already, dislocation simulations depend on the stress 
state of the material as predicted by FEM (as discussed in Chapter 5); however, the stresses 




simulations could use subgrain level, type III, strains to predict the microstructural evolution 
under laser processing conditions to arrive at even more accurate microstructural and material 
properties. The improvement of predictive simulations and ML frameworks using these results 
will not only impact the way industries which use laser AM, including automotive, biomedical 
and aerospace, prepare for fabrication of complex parts, but also the design process for parts 
requiring surface laser melting or local properties. The knowledge of the extent of phase 
transformation with the extent of laser engraving as well as the knowledge of microscale strain 
distribution with exposure to certain thermal environments will improve the fabrication process 
of laser AM components.  
Future Work  
While the results presented in this thesis have an impact on the manufacturing and 
design process in several industries, the AM community still has several open questions 
regarding elastic strain, dislocation cells, and material properties. The characterization methods 
outlined here can help to uncover further process-microstructure relationships during laser 
processing. For one, the role of solute segregation on the stability of these cell structures is not 
understood. Preliminary results using pure Ni and IN625 under laser surface processing and L-
PBF suggest that alloying elements are necessary for the formation of dislocation cells during 
laser processing. The necessity of alloying elements for the formation of dislocation cells would 
fit the mechanism of cellular solidification in the presence of high thermal gradients and would 
provide space for dislocations to congregate, while the absence of solute cell walls may result in 
slightly lower dislocation density because dislocations are not trapped in the cell walls. 




that under further heating they can be processed away. The character of the non-equilibrium 
features should be observed more fully if their contribution to mechanical and material 
properties is to be fully understood or engineered for desired components.  
